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ABSTRACT  
As a prelude to a study on the post-liquefaction properties and structure of 
soil, an investigation of ground freezing as an undisturbed sampling technique 
was conducted to investigate the ability of this sampling technique to preserve soil 
structure and properties. Freezing the ground is widely regarded as an appropriate 
technique to recover undisturbed samples of saturated cohesionless soil for 
laboratory testing, despite the fact that water increases in volume when frozen. 
The explanation generally given for the preservation of soil structure using the 
freezing technique was that, as long as the freezing front advanced uni-
directionally, the expanding pore water is expelled ahead of the freezing front as 
the front advances. However, a literature review on the transition of water to ice 
shows that the volume of ice expands approximately nine percent after freezing, 
bringing into question the hypothesized mechanism and the ability of a frozen and 
then thawed specimen to retain the properties and structure of the soil in situ. 
Bench-top models were created by pluviation of sand. The soil in the model was 
then saturated and subsequently frozen. Freezing was accomplished using a pan 
filled with alcohol and dry ice placed on the surface of the sand layer to induce a 
unidirectional freezing front in the sample container. Coring was used to recover 
frozen samples from model containers. Recovered cores were then placed in a 
triaxial cell, thawed, and subjected to consolidated undrained loading. The stress-
strain-strength behavior of the thawed cores was compared to the behavior of 
specimens created in a split mold by pluviation and then saturated and sheared 
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without freezing and thawing. The laboratory testing provide insight to the impact 
of freezing and thawing on the properties of cohesionless soil. 
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Chapter 1 
1.0 INTRODUCTION 
The main objective of this work is to develop a method for recovering 
undisturbed samples of cohesionless soil from physical models. This work is part 
of a larger project to experimentally and numerically investigate the properties of 
resedimented cohesionless soil following earthquake induced liquefaction (Borja 
et al., 2008).  Undisturbed samples of resedimented soil are required for 
laboratory stress-strain-strength tests and microstructural evaluations to achieve 
the project objectives.  
To mitigate adverse effects of sample disturbance, cohesionless soils have to 
be stabilized prior to sampling. However, in order to conduct laboratory stress-
strain-strength tests on the recovered samples, the stabilization method must be 
reversible.  In this work, reversible methods of obtaining undisturbed samples of 
cohesionless soil are reviewed for application to the previously mentioned project. 
The technique selected for obtaining undisturbed samples of cohesionless soil 
from laboratory bench scale models for the larger project is described herein in 
detail. And finally, the quality of samples obtained using the selected method is 
evaluated using triaxial compression tests conducted on recovered samples. 
1.1 Objectives 
The objective of this study was to develop a method of obtaining undisturbed 
samples of cohesionless soil in order to evaluate their stress-strain-strength 
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properties and micro-structure (through post-stabilization imaging). In fulfilling 
this main objective, the following tasks were performed: 
1. A practical method for preparing uniform soil deposits for the shake table 
and centrifuge tests to be conducted in the overall research program was 
developed. 
2. A practical method of recovering intact and undisturbed samples of 
cohesionless soil from the physical models at the scale of models used for 
shake table and dynamic centrifuge experiments was developed.  
3. The undisturbed nature of the intact samples recovered from physical 
models was investigated using triaxial compression tests. 
1.2 Background 
Extensive research has been performed on the process of earthquake induced 
liquefaction. However, the reverse process of resedimentation following 
liquefaction has received little attention.  Earthquake induced liquefaction occurs 
when a soil with a well-defined soil skeleton subject to seismic loading undergoes 
changes and eventually behaves like a fluid. The process of resedimentation 
occurs when the soil particles in apparent suspension settle to once again form a 
well-defined soil skeleton. Much attention has been paid to studying liquefaction, 
as evidenced by the amount of information in the literature on the processes of 
liquefaction. Studies on resedimentation subsequent to liquefaction, however, are 
very rare. 
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The process of resedimentation generally involves different mechanisms 
from those involved in the processes of initial formation of a soil deposit, e.g. 
aeolian or alluvial deposition (Borja et al. 2008). Therefore, the structure of the 
resedimented soil is likely to be significantly different from the initial soil 
structure. Due to changes in structure, the resedimentation process may be 
expected to have profound effects on the properties of the soil. Subsequent to 
liquefaction, properties of the resedimented soil that may change include shear 
strength and stiffness. Both of these properties are expected to be related to the 
structure of the soil.  
It is hypothesized by Borja et al. (2008) that resedimented soil has a 
heterogeneous structure, i.e. when a cohesionless soil liquefies, it is unlikely to 
settle into a homogenous structure and that this heterogeneous structure 
contributes to the post-liquefaction properties of the soil. The resulting 
heterogeneity could be of two types. The first type is due to non-uniform void 
ratio distribution, for example the presence of pockets of loose sand. The second 
type of heterogeneity is due to non-uniform particle gradation, for example, larger 
particles settling out faster than smaller particles.  
The Borja et al. (2008) hypothesis regarding the post-liquefaction 
heterogeneity of soil will be investigated through an experimental program that 
will include shake table testing, dynamic centrifuge testing, micro-structural 
imaging tests, and laboratory stress-strain strength tests. Shake table and dynamic 
centrifuge testing will be used to liquefy soil layers. Undisturbed samples will be 
recovered from the liquefied soil layers. Imaging and laboratory tests will be 
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conducted on the post-liquefaction cohesionless samples recovered from shake 
table and centrifuge tests. Imaging will include X-ray computed tomography 
(XCT) and Bright Field Microscopy (BFM) on specimens solidified with optical 
grade epoxy subsequent to freezing. Laboratory tests will include triaxial 
compression tests on thawed specimens recovered from the physical models. 
Special recovery techniques will be required to preserve the structure and 
properties of the soil specimens recovered following liquefaction. 
The techniques required to preserve the structure and properties of specimens 
of resedimented soil are the subject of this thesis. The quality of samples obtained 
from the physical models is paramount to the accuracy of the structural and stress-
strain-strength evaluations performed on them. The imaging that will be 
conducted on recovered specimens will attempt to quantify the micro-structure of 
the resedimented soil. It is imperative that the sampling process does not change 
the microstructure from what it is subsequent to liquefaction. The study of 
heterogeneity of the resedimented soil cannot be performed on samples whose 
micro-structure in not preserved through the sampling process. The effect of 
disturbance on stress-strain-strength test is well documented in the literature. The 
disturbance effects must be minimized to obtain an accurate representation of the 
in situ stress-strain-strength behavior.  The role of this study on the previously 
described larger project is to develop a reversible method of obtaining 
undisturbed samples from the physical centrifuge and shake table models for 
evaluation of stress-strain-strength properties and micro-structure.  
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1.3 Scope of work 
Reversible stabilization methods for recovering undisturbed specimens of 
cohesionless soil for subsequent imaging and testing were reviewed in the initial 
phase of this study. Methods for preparing uniform soil deposits were also 
reviewed. Following the review of sample preparation methods, air pluviation was 
selected as the preferred technique. Following the review of methods, stabilization 
by freezing and sampling by coring was selected as the preferred method. Based 
on the previous research on sampling by freezing, a sampling method specific to 
this work was developed. The process developed and described in this work was 
designed for recovery of samples from physical models on the scale of shake table 
and centrifuge tests. Samples of cohesionless soil were successfully recovered 
from bench top models.  
Following the development of specimen preparation, freezing, and sample 
recovery techniques, triaxial compression tests were performed on thawed 
specimens to demonstrate that the stress-strain-strength behavior of recovered 
samples was unaffected by the stabilization and sampling processes. A series of 
triaxial compression tests were performed on never frozen samples to provide a 
basis for comparison to the samples recovered using the techniques developed in 
this work. The test procedures and comparison results on never frozen and frozen 
and thawed samples are described in this work. 
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1.4  Organization of Thesis 
This thesis is organized into the following five chapters including this 
introductory chapter: 
Chapter 1 provides a brief background of the project to investigate the 
properties of cohesionless soil subsequent to liquefaction and how the project is 
related to the work presented in this thesis. The objectives, scope of the study and 
outline of the thesis are also included in this chapter. 
Chapter 2 presents a review of the existing technical literature on the subject 
of undisturbed sampling of cohesionless soil. A review of reversible stabilization 
methods, including the use of sampling using biopolymers, Elmer’s glue and 
freezing, is presented. Also presented in this chapter is a review of testing and 
analyses performed subsequent to stabilization and sampling to demonstrate the 
quality of samples obtained from the reviewed methods.  
Chapter 3 presents descriptions of methods for preparation of cohesionless 
samples for laboratory testing. In this chapter, deposition methods for creating 
reconstituted samples of cohesionless soils and densification methods are 
described. Also presented in this chapter are the published properties of Ottawa 
sand. 
Chapter 4 presents development of the technique to recover undisturbed 
samples of cohesionless soil for evaluation of mechanical properties and 
microstructure within the context of the larger project. Challenges encountered 
during the development of the technique are discussed in this chapter. 
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Chapter 5 presents the results of the tests performed to evaluate the quality of 
samples obtained using the developed sampling method. The results are analyzed 
and interpreted to reach reasonable conclusions.  
Chapter 6 summarizes findings of the present work. Recommendations for 
future work in this area of research are also presented here. 
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Chapter 2 
2.0 LITERATURE REVIEW 
2.1 Introduction 
Sampling of soil for laboratory testing has been a subject of interest since 
the early days of modern geotechnical engineering. The quality 
(representativeness) of laboratory test results for evaluating stress-strain-strength 
properties of soil, and by extension the quality of engineering evaluations based 
on these results, is dependent on the quality of samples obtained for these tests. 
Thus the objective for recovery of samples for laboratory evaluation of 
mechanical properties (stress-strain-strength properties) is to recover undisturbed 
samples. However, some level of disturbance during sampling may be inevitable 
due to 1) the changes in the stress state of soil that are created by removal of 
overburden  and 2) particle reorientation from mechanical effects of sampling 
(pushing a sample tube in the ground). The less disturbed a sample is, the more 
closely the lab results reflect its in situ behavior.  
 According to Hvorslev (1949), “Undisturbed samples may be defined 
broadly as samples in which the material has been subjected to so little 
disturbance that it is suitable for all laboratory tests and thereby for approximate 
determination of strength, consolidation, and permeability characteristics and 
other physical properties of the material in situ”. 
Hvorslev (1949) suggested the following criteria for assessing the quality 
of relatively undisturbed samples suitable for laboratory tests: 
1. No disturbance of the soil structure. 
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2. No change in water content or void ratio. 
3. No change in constituents or chemical composition. 
Mitchell (2008) has shown that freshly deposited cohesionless soil gains 
strength with time with no apparent disturbance to structure, void ratio change, or 
change in constituents, adding another dimension to the problem. 
In geotechnical engineering, soils are typically divided into two broad 
categories: cohesive soils and cohesionless soils. Undisturbed sampling of 
cohesive soil is easier to achieve due to the internal cohesion of the cohesive soil 
(i.e. the resistance of the particles to rearrangement). Current methods for 
recovery of relatively undisturbed samples of cohesive soils generally employ thin 
walled Shelby tubes that are pushed into the soil at a slow rate or block samples 
obtained from test pits. The highest quality Shelby tube samples are generally 
recovered using ‘fixed piston’ types of samplers, e.g. Osterberg or Swedish foil 
samplers. Undisturbed samples of cohesive soils can also be obtained from large 
block samples cut out of the wall of test pits. However, but the depth from which 
such samples can be recovered is limited. 
Recovery of undisturbed samples of cohesionless soils presents different 
problems compared to the recovery of undisturbed samples of cohesive soils due 
to the lack of internal cohesion to hold cohesionless soil particles together during 
sampling and transportation. It is difficult to recover undisturbed samples of 
cohesionless soil. Cohesionless soils have very little internal cohesion and thus 
the particles are subject to rearrangement (change in structure) during sampling. 
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In practice, samples of cohesionless soils are obtained using drive samplers. 
These samples are far from undisturbed. Their use is generally limited to 
laboratory index and classification tests, such as gradation and moisture content 
that are not sensitive to soil structure. Undisturbed sampling of cohesionless soil 
is not normally performed in practice. Geotechnical engineers rely on in-situ tests 
(such as the standard penetrometer tests) and empirical correlations to develop 
estimates of the undisturbed properties of cohesionless soil. A variety of methods 
may be used to obtain samples of cohesionless soil for classification and gradation 
tests. However, recovery of quality samples of cohesionless soils for micro-
structure studies and stress-strain-strength determination is a difficult task. 
Recovery of undisturbed samples of cohesionless soil is usually attempted only 
for research purposes and is not typically attempted on routine geotechnical 
projects.  
Several researchers have proposed methods to recover undisturbed 
samples of cohesionless soil for micro-structure studies and stress-strain-strength 
determination (Frost, 1982; Hvorslev, 1949; Schneider et al., 1989; Singh et al., 
1982; and Yoshimi et al., 1978). The general procedure employed by most of 
these researchers is to first stabilize the soil, next extract the sample, and then 
remove (reverse) the stabilizing agent after transportation, trimming, and 
confining the specimen in a testing device.  Reversible stabilization methods that 
have been investigated include biopolymers agar and agarose, Elmer’s glue, and 
freezing. A review of each of these stabilization methods and its ability to produce 
undisturbed samples is presented herein. 
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2.2 Reversible Stabilization Methods 
Reversible stabilization of cohesionless soil generally involves 
introduction of temporary cohesion into cohesionless soil without significant 
changes to its structure. The methods attempt to introduce cohesion to the soil by 
introducing a fluid into the pores that then solidifies in the case of agar, agarose, 
and Elmer’s glue or that changes phase in the case of freezing.  In any case, the 
common goal is to temporarily solidify the cohesionless soil to enable the soil to 
be sampled using conventional sampling methods that are used to sample 
cohesive soils and rocks. These stabilization methods have to be durable enough 
to allow handling, transportation, and trimming. The methods also have to be 
reversible so that the cohesionless soil can be restored to its original, or in-situ, 
state prior to laboratory testing for evaluation of stress-stain-strength properties.  
2.2.1 Stabilization Using Agar and Agarose 
Impregnation of cohesionless soils with the biopolymer agar as a method 
of stabilizing cohesionless soils prior to sampling was investigated by Schneider 
et al., (1989). Based on this initial research, Sutterer et al., (1995) investigated 
impregnation with agarose. Agarose is a component of agar (Araki, 1956).  These 
stabilization media were evaluated due to their ability to form a thermo-reversible 
gel. Agar and agarose are liquid under higher temperatures and gel at lower 
temperatures, facilitating impregnation, stabilization and removal of the 
stabilizing gel.  
In the use of both agar and agarose for undisturbed sampling, the soil 
pores are filled with the biopolymer solution in liquid form (at elevated 
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temperature). Upon cooling, the biopolymer solidifies within the pores, 
introducing enough rigidity to the soil that it can be sampled without particle 
rearrangement. The stabilized sample is then transported to the laboratory, 
trimmed and stored (or stored and then trimmed). During laboratory testing, the 
stabilized undisturbed sample is placed and confined in a testing device prior to 
removal of the solidified biopolymer. Then the biopolymer is removed by heating 
and flushing; thus restoring the soil to its original state as a cohesionless material. 
Solubility in water and the relationship between consistency and 
biopolymer temperature is the basis for the use of agar and agarose as reversible 
stabilizing agents. Agar and agarose are both soluble in water. Solutions of agar 
and agarose in water are prepared by boiling the dry biopolymer in water, with a 
resulting viscosity that is dependent on biopolymer concentration. This solution 
stays in the liquid state until a certain temperature is reached, after which the 
solution turns into a rigid gel. The temperature at which the biopolymer solution 
turns into a gel is called the gelation temperature. The resulting gel shows 
temperature hysteresis, i.e. it remains stable at temperatures well above the 
gelation temperature. This temperature hysteresis means that agar remains in 
liquid form at temperatures above gelation temperature and also remains a stable 
gel at temperatures below the gel melting temperature. Due to temperature 
hysteresis, a properly constituted agar or agarose gel will not melt during 
transportation, trimming and handling. 
Gelation and gel melting temperatures are functions of the concentration 
of biopolymer, the source of the biopolymer, and the extraction process (for 
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impregnation system. This system is shown in Figure 2.6. The soil was heated in a 
hot bath to temperatures above the gelation temperature of the agarose solution. 
The heated agarose was then introduced into the soil sample at a differential 
pressure (from top to bottom) of about 10 kPa. Impregnation temperatures were 
on the order of 48 to 53°C (Sutterer et al. 1995). Upon cooling, the agarose gelled, 
resulting in enough cohesion to hold the sample together without a confining 
pressure. The triaxial cell was taken apart, the specimen removed, and the end 
platens of the cell were cleaned. The removed specimen was assumed to represent 
a recovered cohesionless sample impregnated with agarose. The agarose 
impregnated specimen was then remounted into the agar impregnation and 
flushing system and confined. The agarose was then flushed from the specimen 
for triaxial shear tests as described subsequently in this thesis. 
2.2.2 Stabilization Using Elmer’s Glue 
Elmer’s glue, also known as Carpenter’s glue, has also been used to stabilize 
cohesionless soil for sampling. Elmer’s glue is soluble in water; therefore, the 
stabilization process can be reversed. Yang (2002) and Evans (2005) used Elmer’s 
glue in a two stage process for preserving the microstructure of sand specimens 
tested in triaxial and biaxial shear for the purpose of quantitatively studying 
internal soil microstructure in regions of high localized strain. Elmer’s glue was 
used to stabilize the soil samples prior to permanently fixing them with epoxy. 
This two stage process was used, in part, to avoid introducing epoxy into 
equipment that the researcher wanted to save and reuse.  
 F
so
to
in
to
w
th
th
w
cu
w
4
F
The setup
igure 2.7. Th
lution (7% 
 15 kPa). Th
to a waste r
 one pore vo
as allowed t
e specimen 
rough the p
as monitore
red, which 
as reached w
0% (usually
IG. 2.7. Elm
 used by Ev
e procedure
by weight) o
e solution w
eservoir. On
lume of sol
o drain from
pores, the v
ores. The re
d. The relati
also meant t
hen the rel
 after 5 to 7 
er's glue im
ans (2005) 
 involved fl
f Elmer’s g
as drawn th
ce the waste
ution, the va
 the pores. 
acuum was 
lative humid
ve humidity
hat the spec
ative humid
days) (Evan
pregnation 
 20 
for Elmer’s 
ushing the s
lue under a 
rough the s
 reservoir c
cuum was r
After excess
reactivated a
ity of the ai
 was used to
imen had be
ity of the air
s, 2005).  
setup (Evan
glue impreg
oil specime
small vacuu
pecimen fro
ontained app
eleased and
 glue solutio
nd used to d
r leaving the
 indicate w
en stabilize
 leaving the
s, 2005) 
nation is sh
n with a dilu
m (approxim
m bottom to
roximately
 excess glue
n had drain
raw desicca
 top of the s
hen the glue
d. This curin
 specimen w
own in 
te 
ately10 
 top and 
 one-half 
 solution 
ed from 
ted air 
pecimen 
 had 
g point 
as below 
 
 2
ob
A
fr
ci
as
co
2
sa
F
.2.3 Stabil
Samplin
taining und
rmy Corps o
eezing at Fo
rculating a f
 shown in F
re barrel w
.9. Accordin
mples was 
IG. 2.8. Sub
ization Usin
g by freezin
isturbed sam
f Engineers
rt Peck Dam
reezing mix
igure 2.8.  S
ith metal tee
g to Hvorsle
‘excellent’. 
surface free
g Freezing
g has long 
ples of satu
 obtained in
 (Hvorslev
ture through
amples wer
th (Hvorslev
v (1949), b
zing for sam
 21 
been consid
rated sands
tact samples
, 1949). Free
 seven pipe
e then obtai
, 1949). Th
ased on visu
pling at Fo
ered a reliab
 (Singh et al
 of cohesion
zing was ac
s installed a
ned by corin
e core barre
al inspectio
 
rt Peck dam
le means of
.1982).  The
less soil us
hieved by 
round the bo
g with a 91
l is shown in
n, the qualit
 (Hvorslev, 
 
 US 
ing 
rehole, 
4 mm 
 Figure 
y of the 
1949) 
 F
re
ef
fr
ig. 2.9. Core
 Sampli
covery of li
Yoshim
1. 
2. 
3. 
4. 
Yoshi
fects of free
ont in the fo
 barrel used
ng by freezi
quefiable sa
i et al. (197
Inserting a
soil from i
installation
After the d
tube and r
Inserting a
into the tu
Pulling ou
it. 
mi et al. (19
zing on the 
rm of a mix
 at Fort Peck
ng was also
nds for labo
8) proposed
n open end 
nside the tu
 of self-bor
esired depth
emoving wa
 smaller vin
be (to freeze
t the steel tu
78) conduct
properties o
ture of ethan
 22 
 dam (Hvor
 researched 
ratory testin
 a field samp
steel tube in
be as it pene
ing pressure
 is reached,
ter from ins
yl tube in th
 the surroun
be with a co
ed laborator
f the sand. T
ol and dry i
 
slev, 1949)
by Japanese
g (Yoshimi
ling proced
to the groun
trates (in a m
 meters). 
 plugging th
ide the tube
e steel tube
ding soil).
lumn of fro
y experimen
he setup co
ce applied t
 
 investigato
et al., 1978)
ure consisti
d and remo
anner simi
e lower end
. 
 and feeding
zen sand ad
ts to invest
nsists of a fr
o one end o
rs for 
.  
ng of:  
ving the 
lar to 
 of the 
 coolant 
hered to 
igate the 
eezing 
f a 
 sa
et
fr
ad
la
b
b
al
sp
F
d
by
th
T
turated coh
 al. (1978) a
eezing of so
justments t
boratory ex
ottom that is
ottom up. Th
., 1978). Th
eeds of 3 to
IG. 2.10. Fi
Singh et 
iameter sam
 freezing w
e pluviation
he freezing 
esionless so
re shown in
il in model 
o the setup s
perimental s
 immersed i
e coolant te
is range of c
 16 cm/hr a
eld and labo
al. (1982) us
ples for labo
as first crea
 through air
method used
il. Field and
 Figure 2.10
containers o
hown in Fig
etup shows 
n coolant. A
mperature u
oolant temp
ccording to Y
ratory freez
ed a modifi
ratory freez
ted within a 
 methods de
 was very s
 23 
 laboratory f
 below. The
f various sh
ure 2.10. Th
a specimen 
s a result, th
sed ranged
eratures cor
oshimi et a
ing setup (Y
ed triaxial c
ing experim
split mold m
scribed by M
imilar to the
reezing setu
 laboratory 
apes and siz
e Yoshimi 
in a contain
e specimen
from -20 to 
responded t
l. (1978). 
oshimi et al
ell capable o
ents. The sa
ounted in t
ulilis, Cha
 freezing m
ps used by Y
setup allows
es with min
et al. (1978)
er with a ste
 is frozen fr
-70°C (Yosh
o average co
. 1978) 
f testing 30
mple to be s
he triaxial c
n and Seed (
ethod used b
oshimi 
 for 
or 
 
el plate 
om the 
imi et 
oling 
 
5 mm 
tabilized 
ell using 
1975). 
y 
  24 
Yoshimi et al. (1978) in that the coolant was ethanol with crushed dry ice, except 
that in this case, the coolant was placed on top of a modified triaxial cell top 
platen, resulting in top to bottom freezing direction. The top cap of the triaxial cell 
was modified to be capable of containing ethanol and crushed dry ice. Testing of 
the frozen specimens after thawing is described subsequently in this thesis. 
2.3 Methods for Sampling Stabilized Soil 
2.3.1 Sampling Agar/Agarose Stabilized Soil 
The consistency of agar impregnated soil was described by Schneider et 
al. (1989) as similar to medium clay. This description agrees with the unconfined 
compression test results performed on agar impregnated sand samples. It may be 
assumed that agarose impregnated samples most likely have similar consistency. 
The results of the unconfined compressive strength tests on agar and agar 
impregnated soil are shown in Figure 2.3. 
Schneider et al. (1989) performed field impregnation tests where they 
demonstrated the feasibility of recovery of agar impregnated samples in the field. 
In these field tests, a thin walled 127 mm diameter Osterberg sampler was used to 
recover samples. The Osterberg sampler is a thin wall hydraulic fixed piston 
sampler. A piston is attached to a thin wall sampling tube and locked in place at 
the head of the tube. The piston and tube are seated on the bottom of the borehole. 
The tube is then unlocked from the piston and is hydraulically pushed into the soil 
while the piston is held in place to obtain a sample. This sampling method is 
commonly used for undisturbed sampling of soft clays. Therefore, its use for 
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sampling agar impregnated soil agrees well with the medium clay consistency 
characterization. The field samples recovered by Schneider et al. (1989) could 
then be tested by extruding the specimen from the sampling tube and trimming 
the specimen to size. 
The laboratory samples of agar impregnated soil that were recovered by 
Schneider et al. (1989) from the quick sand tank can be described as block 
samples. The samples were recovered by excavating unstabilized soil from around 
the agar stabilized soil. This process demonstrated that agar and perhaps agarose 
stabilized soil samples can also be obtained by block sampling and trimming to 
the required dimensions for testing provided a sufficiently large volume of soil is 
stabilized. 
2.3.2 Sampling Elmer’s Glue Stabilized Soil 
Elmer’s glue stabilized cohesionless soil was not sampled in the 
conventional sense in the work conducted by Evans (2005) and Yang (2002), as 
the stabilized specimens were laboratory test specimens. However, the Elmer’s 
glue stabilized specimens were able to maintain their structure during subsequent 
handling after the glue cured. The samples were removed from the glue 
impregnation system and the confining membrane removed without the sample 
falling apart. The consistency of the specimens was described as ‘lightly 
cemented’ (Evans, 2005). It is conceivable that Elmer’s glue stabilized soil could 
be sampled using block sampling, push tube methods, or even coring. However, 
in the absence of specific information on the consistency or unconfined 
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compressive strength, it is hard to tell how specimens can be properly sampled 
from Elmer’s glue stabilized soil. 
2.3.3 Sampling Soil Stabilized by Freezing 
The sampling operations at Fort Peck Dam that were conducted by the US 
Army Corps of Engineers involved complete freezing of the soil below the bottom 
of the borehole (Hvorslev, 1949). Samples were recovered using the single tube 
0.91 m diameter core barrel with metal teeth with a calyx shown in Figure 2.9. 
Field sampling of frozen soil that was conducted by Yoshimi et al. (1978) 
can be best described as block sampling. The frozen sand was lifted en masse by 
grabbing the freeze pipe with a crane and pulling it out of the ground. This 
procedure produced a nearly uniform 0.4 m diameter cylindrical mass of frozen 
sand around the freeze pipe. Smaller samples for laboratory testing were obtained 
from this frozen mass by trimming from the cylindrical core. 
Singh et al. (1982) did not perform any field sampling of frozen soil. 
However, they did obtain samples from the soil that they froze in the 300 mm 
diameter triaxial cell. The frozen 300 mm diameter specimen was removed from 
the triaxial cell and carried to a radial drill press. Using a diamond core drill, 71 
mm diameter cores 18 to 25 mm long were recovered from the 300 mm diameter 
frozen specimen. Compressed carbon dioxide was used as the drilling fluid (Singh 
et al. (1982). 
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the agarose had melted and began to flow, hot water was circulated through the 
sample until the agarose was flushed out. A volume of 2,500 to 4,000 ml (equal to 
approximately 4 to 7 pore volumes) of tap water circulated in one direction was 
typically required for complete removal of visible evidence of agarose. Using an 
earlier prototype of the system, Frost (1989) found that periods of both upward 
and downward flushing was necessary to remove any visual evidence of agar. 
Frost (1989) found that flushing in only one direction resulted in remnants of agar 
remaining in the specimen near the platens but Sutterer et al., (1995) reported no 
such problems using agarose. 
2.4.2 Removal of Elmer’s Glue 
Elmer’s glue is soluble is water. Evans (2005) relied on this property to 
clean his equipment following the first stage of his two-stage impregnation 
process. To remove the glue, he soaked Elmer’s glue filled equipment in water for 
several days. After the glue had dissolved, the equipment was washed with water 
to remove any glue remnants. It can be inferred that the same process can be used 
to remove Elmer’s glue from soil pores. The second stage of the Yang (2002) and 
Evans (2005) stabilization process was to impregnate the Elmer’s glue cemented 
sample with epoxy to permanently fix the specimen. It can also be inferred from 
this that Elmer’s glue stabilized samples had at least moderate permeability. The 
removal process could involve: 
1. Placing specimens in a triaxial cell and applying a small confining 
pressure. 
2. Saturating the specimen with water for a few days. 
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3. Flushing the specimen with water until all evidence of Elmer’s glue 
was completely removed. 
2.4.3 Restoration of Samples Stabilized by Freezing 
In order to return samples stabilized by freezing to their original state, both 
Yoshimi et al. (1978) and Singh et al. (1982) simply allowed the soil to thaw. The 
samples were placed in a testing device (triaxial cell) and an effective confining 
pressure equal to the effective confining pressure during freezing was applied to 
the sample. The thawing sample was kept in contact with water during the 
thawing process so that water could be drawn into the sample as the pore water 
thawed and reduced in volume. The time required to completely thaw the sample 
is a function of (among other things) the ambient room temperature, the size of 
the sample, and the temperature of the ‘free access’ water.  
2.5 Quality of Undisturbed Samples 
Any consideration of a sampling process is incomplete without evaluating the 
quality of samples obtained using the undisturbed sampling technique. There is no 
standard method of evaluating undisturbed samples. For cohesionless soils, one 
can consider the Hvorslev (1949) criteria and look at void ratio changes as 
indication of volumetric strains and structure collapse. However, studies have 
shown that the specimens prepared to the same void ratio but with different 
preparation methods can have very different stress-strain-strength behavior 
(Mulilis et al. 1975). Therefore, comparison of the stress-strain-strength behavior 
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of recovered specimens to the in situ behavior is essential to demonstrating that 
the sampling method produced an undisturbed sample. 
2.5.1 Quality of Agar/Agarose Stabilized Samples 
The following aspects of the polymer impregnation technique for undisturbed 
sampling of cohesionless soil may be considered as potential sources of 
disturbance: 
1. Volume change of the agar/agarose solution with changes in temperatures 
including changes in volume during gelation. 
2. Volume changes in the soil and pore water during heating prior to 
injection of agar/agarose.  
3. Disturbance from insertion of the sample tube or electrodes.  
4. Effects of the agar/agarose removal process. 
5. Loss of aging-induced strength gain that occurs with no discernable 
volume change (Mitchell, 2008).  
Since the agar will replace the pore fluid, changes in the agar volume may 
result in changes in the soil void ratio, particularly if there is a volume increase. 
According to Schneider et al. (1989), a dilute agar solution above the gelation 
temperature exhibits the same volume change with increase in temperature as 
water. The results of the laboratory volume change measurements made by 
Schneider et al. (1989) on agar solutions are shown in Figure 2.12. Changes in 
agar volume during gelation were also analyzed. The agar decreased in volume 
upon gelation and the volume decrease of the agar during gelation was less than 
2% for agar concentrations as high as 2% (Schneider et al., 1989). Gels were not 
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remelted to model the effects of agar removal. However, Schneider et al. (1989) 
state that “Observations made during the melting of cubes of agar gels indicate 
that the volume change effects are probably thermo reversible”.  
Heating generates volume and effective stress changes in saturated soil. This 
is due to the differential thermal expansion of the pore water and mineral 
particles. The volume change behavior of heated soil differs for drained heat and 
undrained heating. For purposes of this study, soil heating for biopolymer 
impregnation can be assumed to occur under drained conditions. The subject of 
soil temperature-volume relationships is discussed in great detail by Mitchell and 
Soga (2005). Under drained conditions the soil grains and the soil mass undergo 
the same volumetric strains. Therefore, under drained heating, pore fluid will flow 
out of the heated region because, for a given temperature change, the volumetric 
strain of water is greater than the volumetric strain of solid soil particles. Heating 
may also induce changes in inter particle forces if the specimen is not free to 
change in volume (e.g. under one dimensional conditions in the ground). Heating 
a soil specimen constrained from volume change can cause changes in cohesion 
and/or frictional resistance that may result in particle reorientation, and under 
extreme conditions, in particle crushing. Particle reorientation is a significant 
factor in soil fabric. Sutterer et al. (1995) conducted experiments using Ottawa 
20-30 sand and concluded that the level of heating involved in biopolymer 
impregnation did not result in particle crushing.  
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3. It has been used by other researchers (Yoshimi et al. 1984, and Mulilis 
et al. 1975) for similar purposes. 
A comparison of the cyclic triaxial test results on impregnated specimens and 
on control specimens is shown in Figure 2.13. Sutterer et al. (1995) developed a 
mathematical relationship between the Cyclic Stress Ratio (CSR) and the number 
of cycles to failure, Nf, presented by the equation 2.1: 
ܥܴܵ ൌ ܾ ൅ ܽ݁൬ଵି
ಿ೑
೎ ൰  (2.1) 
where b, a and c are curve fitting parameters 
Based on the relationship in Equation 2.1, a comparison between 
impregnated  samples and control samples was made. The results of the 
comparison showed that the variation between impregnated and control samples 
was within the normal range of scatter expected for this type of test. The 
comparison also showed that there was a slight reduction in cyclic stress 
resistance or cyclic mobility after agarose impregnation and flushing.  This 
reduction was attributed to the slight expansion observed during drained heating 
of the soil prior to sampling and also to residual agarose in the sample. Although 
Sutterer et al. (1995) observed no traces of agarose in the sample after flushing 
with hot water,  he speculated that there was still some agarose left between the 
particle contacts. 
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significant disturbance. The expansion of pore water during freezing is perhaps 
the main source of potential disturbance in the stabilization of cohesionless soil 
for undisturbed sampling using freezing. 
The question of the expansion of water during freezing and whether this 
phenomenon disturbs the structure of the sand or its properties was investigated 
by Hvorslev (1949), Tystovich (1952), Yoshimi et al. (1978) and Singh et al. 
(1982). The main conclusion of all these investigations with regard to disturbance 
due to expansion of water upon freezing was that a unidirectional freezing front, 
unimpeded drainage path, and slight overburden pressure were necessary to 
minimize disturbance due to water expansion upon freezing. A complete review 
of the processes governing the volume change associated with freezing pore water 
is beyond the scope of this study but the essential conclusions from previous 
investigations are summarized below. 
Hvorslev (1949) simply stated that “it is possible that the expansion of 
water during freezing simply will force some of the unfrozen water out of the soil 
and not change the void ratio or disturb the soil structure”. Extensive research on 
the subject of freezing pore water in soil was conducted by Tystovich (1952). 
According to Tystovich (1952), “it was established that in water saturated sands 
with free drainage of water in at least one direction, water does not migrate 
towards the freezing point, but is squeezed out, with the result that the porosity of 
frozen water saturated sands remains practically the same.” A more 
comprehensive study of the effect of freezing on cohesionless soil was conducted 
by Yoshimi et al. (1978) who conducted one dimensional laboratory freezing 
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hours.  This freezing method does not seem to apply a unidirectional freezing 
front to the specimens. In fact, it is likely that the samples were frozen from all 
directions using this technique. Yoshimi et al. (1978) do not address this issue. 
The frozen specimens were placed in a triaxial cell and confining pressures of 29 
to 98.1 kPa were applied. The specimens were allowed to thaw while both ends 
where allowed access to water. The specimens were saturated by circulating pore 
water through the thawed specimen for 24 hours under a maximum differential 
head of 300 mm. 
Unfrozen specimens were prepared in the same way as the frozen specimens 
but without placement in the freezer. Both frozen and unfrozen specimens were 
prepared at a range of relative densities between 40 and 90 percent. 
Drained triaxial compression tests were conducted on the two types of 
specimens (Frozen/Thawed and Never Frozen) at confining pressures of 3 to 10 
kPa. A comparison of the two sets of tests is presented in Figure 2.17. The results 
presented in Figure 2.17 show that the freeze/thaw cycle has only a minor effect 
on the drained strength and deformation behavior of both Toyoura sand and 
Tonegawa sand for specimens of the same age. The comparison of friction angles 
for frozen and thawed specimens versus never frozen specimens, shown in Figure 
2.18, indicates that the freeze thaw cycle has no significant effects on the friction 
angle for both sands. 
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Miura and Toki (1982) used a conical hopper as the sand container and a 
series of seven sieves through which the sand cascaded. The assembly was placed 
over the mold as the sand was poured from the hopper while maintaining the 
height between the bottom sieve and the surface of the sand in the mold. The 
diameter of the nozzle attached to the conical hopper was varied to control the 
rate of discharge of the sand. 
Frost (1989) used a hopper with a fall tube that contained diffuser meshes in 
it. This equipment was based on Miura et al. (1982) and had similar variables for 
controlling the density of the sample. 
2.6.2 Pluviation in Water 
In pluviation in water, a known amount of sand required to achieve a desired 
density is placed in a flask. Then deaired water is placed in the flask. The flask, 
containing the sand and deaired water, is boiled while a vacuum is applied to the 
container for approximately 15 minutes. The mold in which the sand is to be 
placed is then filled with deaired water. The flask containing sand and deaired 
water is inverted over the mold to allow the sand to be deposited into the mold 
completely under water. The specimen is then vibrated to compact it to the height 
required to achieve the desired density (Mulilis et al. (1975). 
2.6.3 Dry Tubing 
This method involves the use of a container shaped like the mold in which 
the sand is to be placed. Tube shaped containers are used to create cylindrical 
specimens but other shapes can also be used. The container is inserted into the 
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of tapping must be kept uniform throughout the specimen preparation process in 
order to create uniform specimens. 
Rodding involve plunging a vibrating rod in and out of the specimen starting 
from the edges and working toward the center to achieve the desired density. The 
surface of the specimen is then leveled by applying a small pressure using a flat 
surface.  
Vibrating involves vibrating the sample mold around the perimeter to densify 
the specimen. Vibrating a specimen allows the particles to pack in more closely 
and densify the specimen. Vibration can be used to densify a single layer or it can 
be used to densify a whole specimen by apply vibrations using a hand held 
vibrator at random locations along the height of the specimen. 
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Chapter 3 
3.0 PROPERTIES OF TEST SAND AND SPECIMEN PREPARATION  
Ottawa 20-30 sand (ASTM Designation C778), from U.S. Silica Company in 
Ottawa, Illinois was selected as the test sand for all experiments in this work. The 
selection was based on the fact that Ottawa 20-30 sand is readily available with 
near consistent properties and has been used by many researchers for experiments 
on cohesionless soil. Therefore, some of the properties of Ottawa 20-30 sand were 
available in the literature. 
3.1 Properties of Ottawa 20-30 Sand 
Ottawa 20-30 sand is a poorly graded sand that consists of subrounded 
particles  and is composed primarily (99.8%) of silicon dioxide (quartz) (Evans, 
2005). Numerous researchers have used Ottawa 20-30 sand for investigations 
involving the use of a uniform cohesionless soil (Alshibli et al. 2000, Santamarina 
and Cho 2001, Evans 2005, Salgado, et al. 2000).  
3.1.1 Gradation 
Gradation tests were performed in accordance with ASTM D6913 on Ottawa 
20-30 sand obtained from U.S. Silica Company, Ottawa, Illinois for this project. 
The gradation of the Ottawa 20-30 sand obtained for this project is shown in 
Figure 3.1. The gradation results are consistent with gradations reported by other 
researchers for Ottawa 20-30 sand (presented in Appendix A). 
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FIG. 3.1. Ottawa 20-30 Gradation 
3.1.2 Maximum and Minimum Void Ratio 
Maximum and minimum void ratios of Ottawa 20-30 sand published by other 
researchers are presented in Table 1. Void ratios published by Santamarina et al. 
(2001) were used calculations of minimum and maximum densities and in the 
determination of relative density. 
Table 3-1. Ottawa 20-30 Sand Maximum and Minimum Void ratio 
Maximum Void Ratio Minimum Void Ratio Reference 
0.81 0.49 Alshibli et al. (2000) 
0.742 0.502 Santamarina et al. (2001) 
0.78 0.48 Salgado et al. (2000) 
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3.2 Specimen Preparation 
3.2.1 Model Container 
The development of the specimen preparation method began with the 
selection of a model container for use throughout this study. The size and shape of 
a container has a profound effect on the type of specimen preparation method that 
can be practically used to create a sample in that container. For example, a 
specimen prepared in a large container would require a relatively fast specimen 
preparation method so that the specimen can be prepared in a reasonable time 
frame. For this study, the box used on the Shaevitz centrifuge at the University of 
California at Davis (UC DAVIS) was used as the design basis for the specimen 
container. The dimensions of the Shaevitz centrifuge box are 559 mm by 279 mm 
by 179 mm (Fiegel, Hudson, Idriss, Kutter, & Zeng, 1994). 
 The model container (box) used in this work was fabricated out of aluminum 
except for the front face, which was made of Lexan. The fabricated box is shown 
in Figure 3.2. The design drawings for the box are presented in Appendix B. Key 
features of the box are: 
1. The box was designed with five ports on the bottom for use in saturation 
and drainage. 
2. The box was designed with a lid (shown in Figure 3.3) that locked onto 
the box using six latches that could hold a pressure of 10 kPa without 
visible deformation. At pressures higher than 10 kPa, the lexan front of 
the box showed visible deformation. The lid had two ports for use in the 
saturation procedure. 
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preparation to achieve the desired density. Layered preparation refers to a sample 
preparation method that requires multiple layers that are first deposited and then 
compacted to achieve the desired density. Post placement densification is a 
process of compacting specimens (by vibration, tamping or rodding) after 
placement in a mold to achieve the desired density. Both layered preparation and 
post placement tamping require careful procedures and trial and error in order to 
produce uniform soil deposits. Pluviation through air does not require 
densification after placement or layered preparation, leading to more easily 
prepared uniform specimens.  
The air pluviation method implemented in this work employed a modified 
version of the air pluviation/raining method used by Frost (1989). The sample 
preparation apparatus shown in Figure 3.4 was developed using a plastic funnel; a 
0.3 m long, 0.08 m inside diameter PVC pipe; a 5 mm opening size screen, and a 
2.5 mm opening size screen. The sample preparation apparatus was based on the 
pluviation apparatus fabricated by Frost (1989), and is also similar to the 
apparatus used at UC Davis. The two screens were securely placed at one end of 
the PVC pipe spaced at approximately 12 mm apart, with the coarser screen on 
top of the finer screen. The screens were held in place by thin wires weaved 
through the screens and fastened securely to the pipe through small diameter holes 
drilled in the pipe. The plastic funnel was attached using duct tape at the end of 
the pipe opposite to the screens to act as a receptacle for the sand.  
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The sieves in the PVC pipe serve to disperse the sand as it falls through them, 
leading to uniform deposition of the sand. The intensity of sand placement (rate of 
discharge) is a function of the size of the openings in the sieves. The intensity is 
greater as the opening size increases. Higher intensities also correspond to lower 
densities. In this work, the openings used were 5 mm and 2.5 mm. 
At a given intensity, the density of the deposited sand increases with 
increasing fall height. The height of fall of the sand was maintained using a nylon 
rope that was tied to the end of the PVC pipe. A weight was attached to the other 
free end of the nylon rope to keep it taut. The length of the nylon rope 
corresponded to the height of fall of the sand. The apparatus was maintained at a 
height such that the end of the rope was always at the same elevation as the sand 
surface in the container. 
Numerous samples of Ottawa 20–30 sand were prepared using varying 
heights of fall and their densities were determined by the dimensions of the 
specimens and the weight of sand placed in a container. A plot of density versus 
height of fall is presented in Figure 3.6. This plot is used to determine the fall 
height required to desired relative density. 
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4. The pluviation apparatus. 
5. At least two rubber O-rings 
6. One source of vacuum. 
The GCTS Cyclic Pneumatic Soil Triaxial System STX-050 (GCTS Testing 
Systems, 2005) in the Enamul and Mahmuda Hoque Geotechnical Laboratory was 
used for all triaxial tests. The following steps were employed in the creation of 
specimens for triaxial testing: 
1. The top assembly of the GCTS triaxial cell was removed for easier access 
and to allow for pluviation of sand into the split mold. After the specimen 
was created, the top assembly was replaced. 
2. The confining membrane was placed over the bottom pedestal of the 
triaxial cell and secured with at least one O-ring. 
3. A porous stone was placed inside the confining membrane, on top of the 
bottom pedestal of the triaxial cell. 
4. The vacuum split mold was placed securely on the bottom pedestal with 
the confining membrane inside and then the free top end of the membrane 
was folded over the vacuum split mold. A vacuum was applied to the split 
mold to hold the confining membrane taut against inside of the mold.  
5. Using the pluviation apparatus, the specimen was created by placing sand 
in the funnel and letting it fall into the confining membrane supported by 
the vacuum split mold until a specimen height of at least 0.142 m was 
achieved. Samples were created using a fall height of 457 mm and a 
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method was described in section 3.2.4.  The saturation procedure that was used to 
saturate the triaxial test specimens is described below: 
1. The specimen was placed inside a triaxial cell in order to change the 
application of the confining pressure from vacuum to cell pressure. 
Therefore, before the vacuum was released, a cell pressure of 10 kPa was 
applied to the sample using the GCTS system from the bottom drainage 
line of the cell (the cell was filled with water prior to application of the 10 
kPa confining pressure). A confining pressure has to be applied to the 
specimen at all times during the sample preparation and saturation 
process. Otherwise, the specimen will slump over.   
2. The vacuum in the specimen was relieved by slowly introducing carbon 
dioxide gas into the specimen through the drainage line of the bottom cap.   
3. The carbon dioxide source was turned off and the vacuum of 10 kPa was 
reapplied to the sample using the top cap drainage line. 
4. The sample was then hydrated, under vacuum from bottom to top using 
deaired water. The vacuum and deaired water were turned off when the 
sample was fully hydrated as indicated by the appearance of water in the 
vacuum line. 
5. Saturation was then achieved using back pressure procedure described 
subsequently. 
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Chapter 4 
4.0 SAMPLING PROCEDURE 
4.1 Selection of Sampling Method 
Based on the project constraints, the following criteria were established for the 
required sampling method: 
1. The method should be able to recover samples in a manner that retains 
their micro structure and stress-strain behavior. 
2. Since the project is a collaborative effort between three different 
universities, it was important that the method be simple enough to be 
reproducible by different research groups with little difficulty. 
3. The method also needed to be adaptable to different model containers, 
including the types used at the University of California at Davis (UC 
Davis) centrifuge and State University of New York at Buffalo shake 
table. 
4. Sampling should be able to be performed in a relatively short time so as 
not to tie up any equipment for extended periods of time. 
5. The sampling method should be non-destructive to the model container. 
After establishing the criteria for the required sampling method, a systematic 
evaluation of the sampling methods reviewed in the literature was conducted. The 
three sampling methods were evaluated on the basis of the above mentioned 
criteria.  
  65 
4.1.1 Biopolymers Agar and Agarose 
The agar and agarose processes are similar in implementation. For the 
purposes of technology evaluation, the agar and agarose processes were 
considered under the same title of biopolymer. The following challenges were 
identified with the biopolymer process: 
1. From the literature review, Schneider et al. (1989)’s laboratory experiments 
match closely with this study’s initial condition of the soil. Schneider et al. 
(1995) used tubes inserted in the cohesionless soil for installation of: 
electrodes for heating the soil; thermometers for temperature monitoring; and 
an injection tube for injection of biopolymer. All these tubes are necessary for 
successful impregnation with biopolymer. Experiments performed by Yoshimi 
et al. (1978) show the extent of disturbance that results from pushing a tube 
into cohesionless soil. Yoshimi et al. (1978) showed that a placement of a tube 
in cohesionless sand results in disturbance over a distance approximately 
equal to the diameter of the tube. This study may require sampling from small 
containers with limited exposed surface area. Cohesionless samples would 
have to be obtained at distances sufficiently far enough from all tubes to be 
free of disturbance. The placement of the required tubes would effectively 
reduce the number of samples that can be obtained from a physical model. 
2. The biopolymer process requires heating the soil to a certain minimum 
temperature prior to impregnation. Temperature monitoring is required in 
order to keep the soil temperature above the gelation temperature of the 
biopolymer and below the boiling temperature of water. The process of 
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heating the soil also presents an opportunity for disturbance. The possibility of 
boiling the pore water is a problem that we wished to avoid. Mitchell et al. 
(2005) suggests that drained heating would not result in significant volume 
change and by extension, significant disturbance. However, it is a possibility 
that some undrained heating might occur during heating the soil for purposes 
of impregnation with biopolymer, This was also identified as a potential 
source of disturbance. 
3. Schneider (1989) and Sutterer et al. (1995) used the agarose impregnation and 
flushing devise to remove the biopolymer from samples prior to testing. There 
is not information on other biopolymer removal processes that do not rely on 
the use of the impregnation and flushing device. The biopolymer 
impregnation and flushing device was specifically designed for triaxial test 
specimens. This did not suit the selection criteria because it requires 
fabrication of a special device for biopolymer removal.  Triaxial compression 
tests are planned for the recovered undisturbed samples. The use of a special 
fabricated device to remove biopolymer from triaxial specimens meant that 
additional devices would be needed for subsequent tests. 
4. Complete removal of the biopolymer is difficult to achieve. 
For the reasons outlined above, the biopolymer process was judged not to be 
simple enough to be seamlessly transferable and reproducible at different 
universities. The biopolymer process also provided multiple opportunities for 
introducing disturbance in the samples. 
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4.1.2 Elmer’s Glue 
The use of Elmer’s glue presented similar challenges as the agar as far as 
impregnation and complete removal. These challenges and other problems 
specific to the use of Elmer’s glue are discussed below. 
1. Evans (2005) used the glue on dry samples of sand. The sand that will be used 
in this work will be water saturated. This presented a problem because 
Elmer’s glue is soluble in water. Maintaining the concentration of the glue 
during impregnation would be difficult unless the soil is drained prior to 
impregnation with Elmer’s glue. Draining the soil could introduce disturbance 
to the specimen due to hydraulic gradients and changes in effective stress. 
2. The glue impregnation process required specialized equipment. The humidity 
of the air coming from the glue impregnated sand was monitored to determine 
when the glue had cured. When the relative humidity was below 40 %, the 
glue had cured (Evans 2005). If this method was used, impregnation and 
curing equipment with the capability to measure relative humidity would be 
required. The need for specialized equipment made the Elmer’s glue method 
less than ideal for this work’s application. 
3. Elmer’s glue took 5-7 days to cure (Evans, 2005). This curing period was 
expected to be longer for water saturated cohesionless soil. The time required 
to cure Elmer’s glue stabilized samples was judged to be impractical for this 
work’s application.   
4. Complete removal of Elmer’s glue from the soil pores without significantly 
disturbing the soil structure may not be possible. 
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5. Evans (2005) did not perform any tests to assess the quality of samples 
obtained using Elmer’s glue. It was not clear from the literature if Elmer’s 
glue stabilized samples were undisturbed.  
Based on the discussion above stabilization and sampling by use of Elmer’s 
glue was determined to be impractical for our application.  
4.1.3 Freezing 
Stabilization and sampling using freezing was selected from the methods 
reviewed as the preferred way to obtain undisturbed samples of cohesionless soil. 
This method fit the criteria that were developed for selection of a sampling 
method very well.  
The freezing method should be able to recover samples in a manner that 
retains their micro-structure and stress-strain behavior. The literature review 
shows that different investigators have looked at the void ratio changes associated 
with the freezing and thawing of cohesionless soil. If a unidirectional freezing 
front is applied, a minimal overburden stress applied, and at least a single 
drainage path is maintained in the direction of freezing, the void ratio changes in a 
cohesionless soil during freezing have been found to be insignificant.  Yoshimi et 
al. (1978) compared the drained stress-strain behavior of frozen and then thawed 
soil with never frozen soil and found that there was no significant difference 
between the two. The results of the stress-strain behavior comparison of Yoshimi 
et al. (1978) are presented in Figure 2.16. 
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The laboratory freezing process used by Yoshimi et al. (1978) to investigate 
the volume changes due to freezing (shown in Figure 2.10) appeared simple 
enough to be easily replicated and is therefore the basis of the freezing process 
that was developed for this study. Since the project is a collaborative effort 
between three different universities, it was important that the method be simple 
enough to be reproducible by different researchers with little difficulty. The 
freezing process does not require insertion of anything into the soil. The soil is 
frozen by application of a cold front at the surface of the model. Yoshimi et al. 
(1978) applied the freezing surface at the bottom of the soil. 
Freezing is adaptable to different model containers.  Since the freezing front 
is applied at the surface of the container, the freezing application contact area can 
be increased or reduced to suit the size of model container and thus, is adaptable 
to different size containers. This adaptability is important because the freezing 
method will be used at both the University of California at Davis (UC Davis) 
centrifuge and State University of New York at Buffalo shake table in this 
research program. 
4.2 Development of Freezing Procedure 
Following the selection of freezing as the stabilization method, a plan for 
development of a freezing method was initiated. The objective of the plan was to 
develop a method to freeze uniform specimens of sand by applying a 
unidirectional freezing front while maintaining at least one drainage path in the 
direction of freezing front propagation. 
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4.2.1 Freezing Procedure 
As mentioned above, the objective of the work described herein was to 
develop a method for undisturbed sampling of cohesionless soil within the 
laboratory environment. The freezing procedure was developed for the box model 
container that was described earlier. The freezing procedure was modeled after 
the bottom up laboratory procedure that was used by Yoshimi et al., (1978). The 
following equipment/materials were required for freezing and sampling the soil in 
the model box: 
1. A metal pan with a flat bottom. A baking pan 254 mm by 508 mm by 
25.4 mm was used in our freezing tests. 
2. Ethanol. Koptec 200 proof ethanol was used in all freezing tests 
3. Dry ice 
The freezing procedure consisted of the following steps: 
1. The initial state of the specimen to be frozen was the saturated sand in the 
box connected to a cooler full of water with no head difference between 
the cooler and the box. The first step was to establish a drainage path for 
water expelled from the box. This was achieved by making sure that the 
connection between the box and cooler was open. 
2. Dry ice was placed into the pan, the pan containing dry ice was then 
carefully placed on top of the saturated sand in intimate contact with the 
sand, and the alcohol was slowly poured into the pan using a funnel.  
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3. The dry ice was replenished as it was used up while monitoring the 
progress of the freezing. Freezing progress was monitored through the 
lexan panel that formed one side of the box. 
4. When the required thickness of sand was frozen, the freezing process was 
stopped by removing the pan filled with the mixture of alcohol and dry 
ice from the specimen. The pan had a tendency to stick to the surface of 
the sand.  A little tapping was required to free the pan from the frozen 
sand.  The time it takes to freeze the sample is a function of, among other 
things, the quantity of sand to be frozen, the ambient temperature, and the 
material to be frozen. Freezing the entire mass of sand caused the sand to 
stick to the geonet and interfere with the sample recovery. To avoid this, 
the sand was only frozen to approximately 25 mm from the bottom, as 
observed through the lexan side of the box. It took approximately 2.5 to 
3.5 hours to freeze the sand in the box to a depth of approximately 150 
mm.   
4.2.2 Numerical Modeling of Freezing Front Propagation 
The literature review indicated that during freezing of water saturated sand, 
pore water migrates in the liquid phase to accommodate the expansion of the pore 
water as it freezes. A uni-directional freezing front is desired such that no liquid 
water is trapped due to impeded drainage by either frozen sand or an impermeable 
surface. If other freezing fronts developed at the bottom or sides of the box, e.g. 
due to potential freezing temperatures along the metal sides of the container, then 
the freezing front would not be uni directional. Multiple freezing fronts in the box 
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2. When the specimen in the box is frozen all the way to the bottom, the 
samples tended to stick to the filter fabric at the bottom of the box. When 
this happened, the sample stayed within the hole when the diamond core 
drill bit was withdrawn. Recovery of the sample without damage was 
difficult to achieve in this instance. 
3. During drilling, it was important to drill nonstop. When drilling was 
stopped while the diamond core drill bit was still in the hole, the material 
around the diamond core bit froze making it very difficult to restart the 
drill. There were times when the specimen had to be abandoned because 
sampling could not be restarted after the diamond core bit got stuck. 
4. Cohesion between the inside of the diamond core drill bit and the sample 
sometime kept the sample trapped in the core barrel. When sample for 
stuck in the core barrel, it was removed by pouring cold tap water around 
the outside of the diamond core drill bit. The relatively warm tap water 
melted the surface of the sample, freeing it from the diamond core drill 
bit. This method of freeing the sample came at a risk of reducing the 
diameter of the recovered sample by melting too much of the surface. 
5. The samples were stored in a cold freezer right after recovery to mitigate 
premature thawing. An easily accessible storage facility or container 
capable of maintaining freezing temperatures was required. 
6. Coring 71 mm samples using the Milwaukee drill and the steel pipe was 
very difficult because the steel pipe used as a core barrel was not 
perfectly round and tended to wobble during drilling. In the absence of a 
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drill guide, it was difficult to start coring through the sand, so the top of 
the recovered samples were significantly tapered. As a result, recovery of 
samples that were 71 mm in diameter and at least 142 mm long (as 
required for triaxial testing) was rare. As a solution to this problem, a 
Husqvarna DR 150 core drill rig and machined pipe were used to recover 
71 mm diameter samples.  
7. The coring process crushed sand particles during sampling. Repeated use 
of the sand led to changes in particle angularity and gradation. As a 
solution to this problem, the Ottawa sand was used only once and then 
discarded."  
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Chapter 5 
5.0 TESTING OF NEVER FROZEN SAND SPECIMENS AND 
RECOVERED SAMPLES 
The GCTS Cyclic Pneumatic Soil Triaxial System STX-050 (triaxial system) 
discussed in Chapter 4 was used to perform the monotonic triaxial compression 
tests for the work described herein. The test sand was Ottawa 20-30 sand (ASTM 
Designation C778) supplied by U.S. Silica Company, Ottawa, Illinois. A total of 
116 tests were performed. The purpose of these tests included: 
1. Training on the data acquisition and experimental control components of 
the triaxial system. 
2. Drained and undrained tests to establish the baseline stress-strain-
strength response of never frozen Ottawa sand specimens prepared using 
the pluviation technique described in Chapter 3. 
3. Drained and undrained tests performed on samples of Ottawa sand 
recovered using the freezing and coring techniques described in Chapter 
3 and then thawed in order to assess the quality of the samples after 
thawing. 
Comparisons of the stress-strain-strength and pore pressure-strain plots of 
never frozen sand and the frozen and then thawed samples were used to assess the 
quality of the samples obtained using the procedures present in this work. 
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5.1 Test Parameters 
5.1.1 Initial Density 
 All tests specimens were prepared using the pluviation apparatus described in 
Chapter 3. The fall height was maintained at 457 mm. The density of the samples 
prepared at this fall height was approximately 1,710 kg/m3. Maximum and 
minimum densities of Ottawa 20-30 sand were calculated as 1,764 kg/m3 and 
1,521 kg/m3, respectively, using values of minimum and maximum void ratio 
published by Santamatina et al. (2001), assuming zero percent saturation. Based 
on the calculated maximum and minimum densities, the relative density of the 
resulting specimens was 80%.  
 The density of each specimen prepared for this testing program was verified 
using direct measurements on the prepared specimens. One method to determine 
how much sand is in a specimen is to start with a known mass of sand and then 
weigh the remaining sand after the sample has been created. However, pluviation 
results in significant loss of sand due to scatter. Therefore, to verify the density of 
the pluviated specimens, the sand in the specimen was collected after completion 
of the triaxial compression tests, oven dried, and weighed. 
 The density of the specimen created in the box was also confirmed by 
measuring the density of six cores recovered from the frozen box sample using 
methods described in Chapter 4. These samples were used for density tests only, 
no triaxial tests were performed on these samples. The density was determined by 
measuring the volume of the frozen cores, oven drying the cores, and then 
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measuring the mass of the dry sand. The results of the density tests are presented 
in Table 5-1. 
Table 5-1. Density Confirmation Test Results 
Core # 1 2 3 4 5 6 
Density 
(kg/m3) 
1699 1688 1709 1696 1697 1689 
5.1.2 Confining Pressure 
The triaxial compression tests were conducted at an effective confining 
pressure of 60 kPa. This confining pressure was chosen to be consistent with the 
confining pressures employed by Bucknell University, one of our collaborating 
partners on the larger project.  
5.1.3 Specimen Saturation 
Following vacuum hydration of the sample as described in Chapter 3, back 
pressure techniques were used to saturate the specimen. Based on the relationship 
between Skempton’s B-value (the ratio of the change in pore pressure to the 
change in isotropic confining pressure under undrained conditions) and the degree 
of saturation, a B-value of at least 0.90 was chosen as the indicator of saturation, 
i.e. of the point at which the triaxial tests could be performed. As illustrated in 
Figure 5.1, the level of saturation for Ottawa sand is nearly 100 percent when the 
B-value (pore pressure parameter, B) is 0.9. This standard was applied to both 
drained and undrained tests.  
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5.1.4 Strain Rate 
Samples were loaded in triaxial compression at a strain rate of 0.625 % per 
minute. A sensitivity analysis was performed to investigate the effect of strain rate 
on triaxial testing under previously mentioned test conditions. The sensitivity 
analysis revealed that decreasing the strain rate from the 0.625 % per minute to as 
low as 0.125% per minute in undrained loading did not change the stress-strain-
strength behavior of the specimen.  
5.2 Test Procedures and Data Acquisition 
5.2.1 Tests on Never Frozen Sand Specimens 
Specimens of never frozen Ottawa sand were created as described in Chapter 
4 and tested on the same day they were created. The never frozen Ottawa sand 
specimens were tested under drained and undrained conditions. Following back 
pressure saturation and consolidation, the triaxial compression test was initiated. 
Except for the drainage conditions, the rest of the test parameters were the same 
in both drained and undrained tests.  
5.2.2 Tests on Recovered Frozen Cores 
Frozen core samples were recovered from the model box as described 
previously. Four to nine frozen core samples were recovered from each model 
prepared in the box. Due to the need to thaw the specimens, samples could not be 
tested on the day that they were recovered. Therefore, cores were wrapped in 
plastic wrap and aluminum foil and stored in a freezer for later retrieval and 
testing. The samples were typically stored for one to five days before testing.  
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The following steps were followed in preparing frozen samples for both 
drained and undrained triaxial testing: 
1. Upon retrieval from storage, the frozen samples were trimmed to a 
height of approximately twice their diameter. In the case of the 35 
mm diameter samples, the height was at least 71 mm and in the case 
of the 71 mm diameter samples the height was at least 142 mm. A 
conventional hacksaw with a bi-metal blade was used to trim the 
frozen sample. A frozen sample retrieved from storage for testing is 
shown in Figure 5.2. A trimmed sample is shown in Figure 5.3.  
2. After trimming, the frozen sample was mounted in the triaxial cell, 
confined in a latex membrane using two O-rings on each end (i.e. on 
both the top and bottom platen), and subject to an effective confining 
pressure of approximately 10 kPa applied to the sample through the 
top platen drainage line using a vacuum. It was important to complete 
steps 1 and 2 as fast as possible to avoid thawing of the sample prior 
to confinement. The samples were handled with oven mitts to avoid 
thawing due to heat transfer from the hands to the sample. 
3. The chamber was then placed upon the triaxial cell in order to change 
the confining pressure from vacuum to chamber pressure. Prior to 
releasing the vacuum, the chamber was filled with water and a cell 
pressure of 10 kPa was applied to the sample using the GCTS system 
from the bottom drainage line of the chamber. 
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5.2.4 Problems Encountered During Testing 
 Initially, 35 mm diameter frozen core samples were recovered from the 
model box. However, the results of the triaxial compression tests on the 35 mm-
diameter specimens were inconsistent with the tests performed on 71 mm 
diameter, never frozen specimens.  Furthermore, results of the tests on the 35 mm 
diameter specimens were very hard to reproduce. There was wide variability in 
the results from the 35 mm-diameter specimens. This variability was attributed to 
the size of the sample. In order to reduce the variability, it was decided to recover 
71 mm diameter samples from the model box for all triaxial testing. 
Soil microstructure studies performed on the 35 mm samples obtained using 
the methods described in this work did not show variability in microstructure 
commensurate with the variability that was observed in the triaxial tests (Czupak, 
2011). Therefore, for purposes of the microstructure studies, recovery of 35 mm-
diameter samples continued throughout the course of this work. 
5.3 Drained Tests Results 
5.3.1 Never Frozen Sand Tests Results 
The results of five consolidated drained triaxial tests conducted on never 
frozen specimens of Ottawa 20-30 sand prepared by air pluviation are presented 
in this section. The initial densities of the tests are presented in Table 5-2. The 
drained stress-strain-strength characteristics of these never frozen Ottawa 20-30 
sand specimens are presented in Figure 5.4. The volume change-strain behavior 
during these tests is presented in Figure 5.5.  
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Table 5-2. Initial Properties of Never Frozen Sand Test Specimens 
Test 
# 
Sample Height 
(mm) 
Mass of Sand 
(g) 
Initial Density 
(kg/m3) 
Relative Density 
(%) 
1 150 1019 1710 80 
2 150 1022 1715 82 
3 150 1018 1708 79 
4 148 1007 1713 81 
5 150 1019 1710 80 
 
 
FIG. 5.4. Never frozen Ottawa 20-30 sand drained stress-strength-strain results 
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FIG. 5.5. Never frozen sand volume strain-axial strain results 
5.3.2 Frozen and Thawed Test Results 
Four recovered cores were tested to develop stress-strain-strength behavior of 
frozen and thawed sand. The initial densities of the recovered samples that were 
determined by weighing oven dried sand after testing are shown in Table 5-3. The 
stress-strain-strength behavior in drained triaxial compression tests conducted on 
four recovered frozen cores of Ottawa 20-30 sand after thawing is presented in 
Figure 5.6. The volume change-strain behavior during these tests is presented in 
Figure 5.7. 
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Table 5-3. Initial Properties of Frozen Core Test Specimens 
Test 
# 
Sample Height (mm)
Mass of Sand 
(g) 
Initial Density
(kg/m3) 
Relative 
Density 
(%) 
1 144 977 1705 78 
2 145 983 1707 79 
3 144 977 1708 79 
4 148 1005 1710 80 
 
 
FIG. 5.6. Results of drained triaxial compression tests on recovered frozen cores 
of Ottawa 20-30 sand samples 
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FIG. 5.7. Drained volume change-Strain results 
5.3.3 Comparison of the Drained Triaxial Compression Test Results 
 The results of the triaxial compression tests conducted on never frozen sand 
and on the recovered frozen samples after thawing were compared, to determine 
whether the frozen and then thawed sand retains its drained deformation 
characteristics. The results of this comparison serve as an indication of the level 
of disturbance due to the sampling techniques developed in this work. 
 Mean stress-strain-strength and volume curves were developed from the two 
groups of curves (never frozen, and frozen and then thawed) from the drained 
triaxial testing. The two median stress-strain-strength curves are shown in Figure 
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5.8. Median volume change-strain curves for the never frozen sand and for the 
frozen and thawed cores are presented in Figure 5.9. Comparison of the median 
stress-strain-strength and volume change-strain curves indicate that the sampling 
process has at worst minor effects on the drained deformation characteristics of 
Ottawa 20-30 sand.  
 
FIG. 5.8. Median stress-strain-strength curves 
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FIG. 5.9. Median strain-volume change curves 
 In order to conduct a statistical comparison of the two groups of curves, the 
stress-strain-strength curves were approximated by a hyperbola using procedures 
described by Duncan et al. (1980). This hyperbola can be represented by the 
equation: 
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  Ei = the initial tangent modulus, and 
  (σ1-σ3)ult = the asymptotic value of stress difference for the fitted 
hyperbola. 
The value of (σ1-σ3)ult is usually greater than the strength mobilized in a triaxial 
test, (σ1-σ3)f.  Therefore, Duncan et al. (1980) defined a third parameter Rf to 
analytically describe a stress-strain curve, where Rf was defined as the ratio of the 
mobilized strength to (σ1-σ3)ult: 
 
Rf =  (σ1-σ3)f /(σ1-σ3)ult       (5.2) 
 
As described by Duncan et al. (1980), two points (typically, points corresponding 
to 70% and 95% of the strength mobilized in the test) from each stress-strain 
curve were used to derive the two variables (Ei and (σ1-σ3)ult ) that describe the 
hyperbola. 
 In order to compare the volume change curves, three parameters were 
abitrarily chosen  for comparison. The volume change at 70 %, 95 % and at 100% 
of the strength mobilized in the test were the chosen parameters. Therefore, in 
total, six parameters derived from the drained triaxial compression tests were 
employed to compare test results: three parameters describing the volume change-
strain characteristics and three parameters decribing the stress-strain-strength 
characteristics.  
A statistical comparison of the six parameters was conducted for the two 
groups of drained triaxial test results. The statistical analyses used a t-distribution 
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for two variables. A statistical hypothesis, two-population test (H0: µ1=µ2 {Null 
Hypothesis} and µ1≠µ2 {Alternative Hypothesis}) was conducted. The critical 
assumptions of the analysis were that the mean values of the two samples were 
unknown and that they were equal. The results of the statistical analyses of the 
curves shown in Figures 5.4 through Figure 5.7 are presented in Table 5-4. 
Table 5-4. Statistical Comparison of Drained Test Results 
Parameter 
Tests on 
Unfrozen Sanda 
Tests on 
Frozen Coresa 
Acceptance Confidence
Eli 727 %/kPa 578 %/kPa Yes 90 % 
(σ1-σ3)ult 243 kPa 240 kPa Yes 90 % 
Fry 0.86 0.85 Yes 90% 
eve at 70% (σ1-σ3)max 0.17 % 0.39 % Yes 90 % 
eve at 95% (σ1-σ3)max -0.67 % -0.56 % Yes 90 % 
eve at 100% (σ1-σ3)max -1.14 % -1.35 % Yes 90% 
a Arithmetic mean values for each parameter are presented in this table. However, 
values for each test were used for statistical comparison.  
 
Although widely accepted laboratory testing procedures were used in this 
work, a bias statement on drained triaxial testing of cohesionless soil was not 
found. The sample size was chosen based on other criteria unrelated to the 
variability of the tests used. The drained tests on unfrozen soil were both 
reproducible and consistent. Therefore, drained testing on never frozen samples 
was stopped at five samples. The results of drained testing on frozen and thawed 
cores presented here are the results of tests performed on samples recovered using 
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the Husqvarna DR 150 core drill rig. The statistical comparison of this limited 
sample size shows that the two groups of tests are the same at a confidence of 
90%.  It can be concluded from the results that the sampling process produces 
undisturbed samples that retain their drained deformation characteristics. 
5.4 Undrained Test Results 
5.4.1 Never Frozen Sand Test Results 
The results of five consolidated undrained triaxial tests conducted on never 
frozen specimens of Ottawa 20-30 sand prepared by air pluviation to a relative 
density of approximately 80% are presented in this section. The initial densities of 
the tests are presented in Table 5-5. The undrained stress-strain-strength behavior 
of never frozen Ottawa 20-30 sand specimens tested in triaxial compression are 
presented in Figure 5.10. The excess pore pressure-strain results during the 
undrained triaxial tests are presented in Figure 5.11. 
Table 5-5. Initial Properties of Undrained Baseline Tests Specimens 
Test 
# 
Sample Height (mm)
Mass of Sand 
(g) 
Initial Density
(kg/m3) 
Relative Density
(%) 
1 150 1019 1710 80 
2 149 1013 1712 81 
3 150 1012 1714 82 
4 150 1019 1710 80 
5 149 1012 1710 80 
 
  106 
 
FIG. 5.10 Never frozen Ottawa 20-30 sand undrained stress-strength-strength 
results 
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FIG. 5.11. Never frozen sand pore pressure change-strain results 
Three consolidated undrained triaxial compression tests were conducted on 
the recovered frozen and then thawed cores of Ottawa sand. The initial properties 
of the specimens are presented in Table 5-5. The results of the three consolidated 
undrained triaxial compression tests conducted on recovered frozen and then 
thawed cores of Ottawa 20-30 sand are presented in Figures 5.12 and 5.13.  
Figure 5.12 presents the stress-strain-strength results from these tests and the 
volume change-strain results from these tests are presented in Figure 5.13. 
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Table 5-6. Initial Properties of Frozen Core Test Specimens 
Test 
# 
Sample Height (mm)
Mass of Sand
(g) 
Initial Density 
(kg/m3) 
Relative Density
(%) 
1 150 1020 1711 80 
2 145 985 1708 79 
3 144 979 1710 80 
 
 
FIG. 5.12. Results of undrained triaxial compression tests on recovered frozen 
cores of Ottawa 20-30 sand samples. 
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FIG. 5.13. Pore pressure change-axial strain results 
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 The results of the undrained triaxial compression tests conducted on never 
frozen sand and on the recovered frozen and then thawed samples were compared 
to determine whether the sampled sand retains its undrained deformation 
characteristics. 
 The Duncan et al. (1980) stress-strain curve fitting equation was not used for 
statistical comparison of undrained triaxial test results. The curve fitting equation 
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e.g. Rf of 0.37, when the typical range for sands is 0.5 to 0.9. For this reason, it 
was decided not to use the Duncan et al. curve fitting method on undrained tests 
results. 
 An alternative comparison method was used for undrained test results. The 
mean undrained stress-strain-strength curve was developed from the baseline 
undrained triaxial compression tests performed on never frozen sand. Standard 
deviations of the deviator stress at discrete strain levels were calculated from the 
five baseline tests. A confidence interval was developed that was bound at the top 
by the mean plus two standard deviations and at the bottom by the mean minus 
two standard deviations. The frozen/thawed tests results were plotted on the 
confidence interval plot to demonstrate how well the results on the recovered 
samples compared with the baseline results. The stress-strain-strength comparison 
figure is presented in Figure 5.14. The excess pore pressure-strain results were 
compared using methods used to compare stress-strain-strength behavior 
(described previously). The results of the comparison are presented in Figure 
5.15. 
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FIG. 5.14. Undrained stress-strain-strength results plotted on confidence interval 
developed from baseline undrained triaxial tests. 
  
FIG. 5.15. Median excess pore pressure-axial strain curves 
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 The results of the undrained tests conducted on never frozen sand and on 
recovered cores were also analyzed by comparing the stress and excess pore water 
pressure at three strain levels: at one percent, three percent, and five percent 
strain. The three strain levels were chosen arbitrarily. The three strain levels were 
assumed to represent the stress-strain-strength, and the excess pore pressure-strain 
relationship developed from the consolidated undrained test results data. 
A statistical comparison of the parameters was conducted for the two groups 
of undrained triaxial test results. The statistical analyses used a t-distribution for 
two variables. A statistical hypothesis, two-population test (H0: µ1=µ2 {Null 
Hypothesis} and µ1≠µ2 {Alternative Hypothesis}) was conducted. The critical 
assumptions of the analysis were that the mean values of the two samples were 
unknown and that they were equal. The results of the statistical analyses of the 
curves shown in Figures 5.10 through Figure 5.13 are presented in Table 5.7 and 
Table 5-8. 
Table 5-7. Statistical Comparison of Deviator Stress – Strain Results 
Parameter 
Tests on 
Unfrozen Sanda 
Tests on frozen Sanda 
Acceptance at 90% 
confidence 
Sd at 1%  171 kPa 158 kPa Yes 
Sd at 3%  526 kPa 486 kPa Yes 
Sd at 5%  749 kPa 719 kPa Yes 
a Arithmetic mean values for each parameter are presented in this table. However, 
values for each test were used for statistical comparison.  
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Table 5-8. Statistical Comparison of Excess Pore Water Pressure - Strain Results 
Parameter 
Tests on 
Unfrozen Sanda 
Tests on frozen 
Sanda 
Acceptance at 
90% confidence 
Acceptance at 
95% confidence 
Uexc at 1% -26 kPa 3 kPa No No 
Uexc at 3% -145 kPa -77 kPa No Yes 
Uexc at 5% -230 kPa -173 kPa Yes Yes 
a Arithmetic mean values for each parameter are presented in this table. However, 
values for each test were used for statistical comparison. 
  
 The undrained tests on both never frozen sand and on recovered cores 
showed a lot of variability and were very difficult to reproduce. The stress-strain-
strength behavior and excess pore water pressure developed during undrained 
triaxial loading is dependent on the level of saturation, the pore fluid stiffness, and 
the void ratio at the beginning of the tests. According to William Houston, 
undrained shear strength of saturated or nearly saturated sand is generally elusive 
and hard to reproduce (Personal communication, June 3, 2011). This variability 
and difficulty to reproduce the shear strength is attributable to the difficulty to 
produce specimens of sand that have identical B-values, identical degrees of 
saturation and, identical pore fluid stiffness in the laboratory (W. Houston, 
Personal communication, June 3, 2011). 
 The results of the tests conducted on recovered cores compare favorably 
with the baseline deformation behavior in undrained triaxial loading that was 
established from the five undrained tests conducted on never frozen Ottawa 20-30 
sand. The differences observed between the two sets of tests (tests of unfrozen 
sand and tests on recovered cores) are well within the variability in the test results 
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observed during testing and also within the results, that can be expected from 
undrained triaxial testing of saturated sand. It can be concluded from the results 
that the sampling process has at most only minimal effects on the undrained 
deformation characteristics of saturated Ottawa sand. The sampling procedure 
described in this work produces undisturbed samples that retain their undrained 
deformational characteristics.  
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Chapter 6 
6.0 CONCLUSIONS AND RECOMMENDATIONS 
6.1 Conclusions 
The main objective of this work was to develop a method for recovering 
undisturbed samples of cohesionless soil from physical models. This work is part 
of a larger project to experimentally and numerically investigate the properties of 
resedimented cohesionless soil following earthquake induced liquefaction. The 
work presented in this thesis resulted in the development of a practical method for 
preparing uniform soil deposits in laboratory bench scale and centrifuge models 
and the development of a practical method of recovering intact and essentially 
undisturbed samples of cohesionless soil from these physical models.  
The technique for preparation of uniform sand specimens was developed 
based on methods used by Frost (1989) and also by UC Davis. The technique is 
based on air pluviation. A pluviation apparatus was developed that allows for 
creation of samples of Ottawa 20-30 sand samples at target densities by varying 
the height of fall of the sand. The apparatus is simple, can be created from easily 
obtainable parts, and does not require specialized fabrication. A calibration curve 
for the pluviation apparatus was developed relating fall height to the post-
placement density of Ottawa 20-30 sand. Using this technique, specimens of 
Ottawa 20-30 sand can be created in containers of varying sizes at densities 
ranging from 1,550 kg/m3 to 1,730 kg/m3 (96 lb/ft3 to 108 lb/ft3).   
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A method for recovering undisturbed samples of cohesionless soil from 
laboratory bench scale models was developed. The technique can also be used on 
centrifuge- and shaking table-scale models. The sampling method involved 
stabilization of cohesionless soil by freezing and recovery of samples by coring. 
A freezing method was developed that used crushed dry ice and ethanol placed in 
a metal pan as a coolant. The temperature of the mixture of dry ice and ethanol 
was measured to be -68°C. The pan filled with coolant was placed on top of the 
saturated model specimen, from which samples were to be recovered, inducing a 
top-down freezing front. 
The propagation of the freezing front that was induced by the chosen freezing 
method was experimentally and numerically investigated.  A unidirectional 
freezing front, a surcharge, and a drainage path in the direction of the freezing 
front are requirements for the freezing of cohesionless soil with minimal volume 
change. The results of the experimental and numerical investigations showed that 
these requirements were met by the technique employed herein.  The freezing 
front propagated from top to bottom without the development of any secondary 
freezing fronts with the potential to trap water between impermeable (or very low 
permeability) surfaces. The drainage path was maintained through the bottom of 
the model container and through the sides between the walls of the container and 
the frozen portion of the specimen during the freezing process. Water was 
observed flowing from the container over the sides as the specimen froze. The 
weight of the pan and coolant appeared to provide adequate surcharge pressure on 
the specimen to limit expansion during freezing. Significant expansion of the 
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cohesionless soil models was not observed during numerous freezing experiments 
conducted in this work. 
Equipment for coring 35 mm diameter and 71 mm diameter samples of 
frozen cohesionless soil was developed. Using this equipment, numerous samples 
were successfully recovered from the physical models. The sampling methods are 
simple and can be replicated at different locations without requiring sophisticated 
fabrication effort.  
The undisturbed nature of the samples was investigated using triaxial 
compression tests. Drained and undrained triaxial compression tests were 
performed on never frozen Ottawa 20-30 sand pluviated to create a specimen with 
a relative density of 80% to establish baseline deformation characteristics. 
Recovered frozen cores were confined in a triaxial cell and allowed to thaw. The 
same tests that were performed on never frozen Ottawa 20-30 sand specimens 
were then performed on the thawed cores. The results of the tests on never frozen 
and frozen and then thawed specimens were compared to assess the undisturbed 
nature of the samples obtained using the sampling techniques developed in this 
work. 
Based on the experiment results and analyses reported in this thesis, it can be 
concluded that the samples recovered using the sampling techniques developed in 
this work retain their original drained and undrained deformation characteristics. 
The freezing and thawing process has only minimal effects on the deformation 
characteristics of the Ottawa 20-30 cohesionless soil. The differences between 
deformational characteristic of never frozen sand and frozen and thawed sand 
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appear to be within the normal variation that can be expected from testing 
different samples of the same soil. 
6.2 Recommendations 
The specimen creation and sampling techniques presented in this work are 
suitable for use in the larger project and projects of similar scope and size. Based 
on the testing conducted in this work, the samples obtained using methods 
described in this thesis can reasonably be expected to maintain their structure and 
deformational characteristics. However, there are a number of other factors that 
were not addressed in this work that might have bearing on the quality of samples 
obtained using methods described herein.  
The effect of the moisture content of the dry sand on the pluviation technique 
was not addressed in this work. Although, samples with consistent density were 
produced using the pluviation method, the moisture content of the sand was not 
considered during sample creation. Future testing could be performed using oven 
dried sand in order to maintain constant moisture content during sample 
preparation.  
The ASTM standard for consolidated drained triaxial compression tests (CD 
tests) does not have a bias or variability statement. Data on the bias and variability 
of the CD test was not found in the literature. The number of tests performed on 
never frozen sand in this study was relatively small. Although the test results were 
fairly consistent and easily reproducible, the number of tests was too small to 
confidently establish bias and variability of the CD test. Future studies could 
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perform more tests to develop a better estimate of the bias and variability of the 
test. 
A test standard for the consolidated undrained triaxial compression tests (CU 
test) was not found in the literature. The results of the testing conducted in this 
research showed that the CU test results showed greater variability than the CD 
test results. It seems the CU test is more sensitive to small variability in initial 
specimen density and saturation level (B-value). This variability made the CU test 
a difficult method to use for purposes of investigating the deformation 
characteristics of sampled cohesionless soil. The number of samples tested in this 
study is relatively small. Future study could focus on conducting a statistically 
significant number of CU tests in order to develop an estimate of the bias and 
variability for the test itself. The CU test bias and variability, could lead to better 
comparisons of deformation characteristics of never frozen sand and frozen sand. 
The CU test bias and variability could also be applied in other cases where CU 
test on cohesionless soil may be required.  
This research was interested in investigating the large strain behavior, 
consistent with the focus of the larger project (post liquefaction properties of 
cohesionless soil). Future research could investigate the effects of freezing and 
thawing on small strain behavior e.g. by measuring shear wave velocity in never 
frozen specimens and also in frozen and then thawed specimens. 
 Poorly graded Ottawa 20-30 sand was used in this work. The sand has 
uniform sub-rounded particles. Future research could perform the tests conducted 
in this work using graded sand with sub-rounded particles, and also using sand 
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with angular particles. This research could investigate the effect of changing the 
test soil on expansion due to freezing, deformation characteristics of frozen and 
thawed soil, and creation of uniform deposits of sand using the pluviation 
techniques described in this work.  
Another area of additional study is the effect of the sampling techniques on 
the ‘aging effect’ of sands described by Mitchell (2008).  Future research could 
investigate whether cohesionless soil sampled using freezing loses strength gained 
through aging. This research could provide insight to whether samples obtained 
from an aged deposit of sand would retain its aged strength gain, i.e. whether 
freezing followed by thawing erases aging effects.  
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APPENDIX A  
DESIGN DRAWINGS FOR THE BOX USED IN FREEZING AND 
SAMPLING EXPERIMENTS, AND OTHER FABRICATED EQUIPMENT 
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APPENDIX B  
TRIAXIAL TESTS RESULTS AND EVALUATIONS 
Initial Properties of Never Frozen Sand Test Specimens 
Test 
# 
Sample 
Height 
(mm) 
Mass of 
Sand 
(g) 
Initial 
Density 
(kg/m3) 
Relative 
Density 
(%) 
B-Value 
1 150 1019 1710 80 0.95 
2 150 1022 1715 82 0.97 
3 150 1018 1708 79 0.95 
4 148 1007 1713 81 0.96 
5 150 1019 1710 80 0.94 
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Duncan and Chang (1970) fitting
Sd max Ea Ea/sd
83 (Test 1) 0.7 146 0.4 0.002
0.95 198 1.4 0.007
84 (Test 2) 0.7 149 0.5 0.004
0.95 202 1.6 0.008
86 (Test 3) 0.7 143 0.5 0.004
0.95 194 1.7 0.009
87 (Test 4) 0.7 148 0.7 0.005
0.95 200 1.8 0.009
88 (Test 5) 0.7 146 0.6 0.004
0.95 198 1.6 0.008
Ei Sd ult Rf Ev @ 0.7 SdEv at 0.95 Sd Ev at Sd ma
83 1153 224 0.93 ‐0.0367 ‐0.5 1.5504
84 714 245 0.87 1 ‐0.5 ‐2.0039
86 681 234 0.87 ‐0.05 ‐0.95 ‐1.901
87 456 264 0.80 0 ‐0.63 ‐1.7681
88 630 247 0.85 ‐0.05 ‐0.78 ‐1.5712
Mean 727 243 0.86 0.17 ‐0.67 ‐1.14
STDEV 231 13 0.04 0.41 0.17 1.35
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Initial Properties of Frozen Core Test Specimens 
Test 
# 
Sample 
Height (mm) 
Mass of 
Sand 
(g) 
Initial 
Density 
(kg/m3) 
Relative 
Density 
(%) 
B-Value 
1 144 977 1705 78 0.93 
2 145 983 1707 79 0.94 
3 144 977 1708 79 0.93 
4 148 1005 1710 80 0.93 
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Frozen/Thawed Test Data
Ea Sd Ev Sd Ev Sd Ev Sd Ev Sd Ev
0.0 0 0.00 0 0.00 0 0 0 0.00
0.1 45 0.07 36 0.09 54 40 44 0.08
0.2 81 0.12 64 0.13 85 67 74 0.13
0.3 106 0.13 87 0.16 106 90 97 0.14
0.4 130 0.11 108 0.17 121 110 117 0.14
0.5 144 0.08 120 0.16 130 126 130 0.12
0.6 158 0.04 132 0.14 139 140 142 0.09
0.7 166 ‐0.01 139 0.11 147 0.00 148 0.00 150 0.02
0.8 173 ‐0.06 145 0.07 155 ‐0.03 160 ‐0.07 158 ‐0.02
0.9 178 ‐0.12 151 0.03 162 ‐0.06 168 ‐0.15 165 ‐0.07
1.0 184 ‐0.17 156 ‐0.02 167 ‐0.10 173 ‐0.22 170 ‐0.13
1.1 188 ‐0.24 160 ‐0.07 172 ‐0.13 177 ‐0.27 174 ‐0.18
1.2 191 ‐0.31 164 ‐0.12 176 ‐0.17 182 ‐0.35 178 ‐0.24
1.3 194 ‐0.38 167 ‐0.17 180 ‐0.22 185 ‐0.42 182 ‐0.30
1.4 197 ‐0.45 170 ‐0.23 182 ‐0.27 189 ‐0.50 185 ‐0.36
1.5 199 ‐0.53 173 ‐0.29 185 ‐0.33 192 ‐0.57 187 ‐0.43
1.6 202 ‐0.60 175 ‐0.35 187 ‐0.37 195 ‐0.63 190 ‐0.49
1.7 203 ‐0.68 178 ‐0.42 189 ‐0.43 197 ‐0.71 192 ‐0.56
1.8 205 ‐0.75 180 ‐0.48 191 ‐0.49 200 ‐0.79 194 ‐0.63
1.9 206 ‐0.84 182 ‐0.55 193 ‐0.55 202 ‐0.86 195 ‐0.70
2.0 208 ‐0.91 183 ‐0.61 194 ‐0.61 203 ‐0.94 197 ‐0.77
2.1 209 ‐0.99 185 ‐0.68 195 ‐0.67 204 ‐1.00 198 ‐0.83
2.2 209 ‐1.08 186 ‐0.75 196 ‐0.73 204 ‐1.08 199 ‐0.91
2.3 210 ‐1.15 187 ‐0.81 197 ‐0.80 205 ‐1.16 200 ‐0.98
2.4 210 ‐1.24 188 ‐0.89 198 ‐0.87 205 ‐1.23 200 ‐1.06
2.5 211 ‐1.32 189 ‐0.95 199 ‐0.93 205 ‐1.31 201 ‐1.13
2.6 211 ‐1.39 190 ‐1.03 198 ‐0.99 204 ‐1.38 201 ‐1.20
2.7 212 ‐1.47 191 ‐1.10 198 ‐1.06 204 ‐1.46 201 ‐1.27
2.8 212 ‐1.55 193 ‐1.17 197 ‐1.13 204 ‐1.53 201 ‐1.35
2.9 212 ‐1.64 194 ‐1.25 197 ‐1.20 204 ‐1.61 202 ‐1.42
3.0 212 ‐1.72 194 ‐1.32 197 ‐1.27 204 ‐1.69 202 ‐1.50
3.1 213 ‐1.79 194 ‐1.40 196 ‐1.33 203 ‐1.75 202 ‐1.57
3.2 212 ‐1.88 194 ‐1.47 196 ‐1.40 203 ‐1.82 201 ‐1.64
3.3 212 ‐1.95 194 ‐1.54 196 ‐1.47 202 ‐1.90 201 ‐1.72
3.4 213 ‐2.04 194 ‐1.62 195 ‐1.54 201 ‐1.98 201 ‐1.79
3.5 212 ‐2.11 195 ‐1.69 195 ‐1.61 201 ‐2.05 201 ‐1.87
3.6 211 ‐2.20 195 ‐1.77 195 ‐1.67 200 ‐2.11 200 ‐1.94
3.7 211 ‐2.28 195 ‐1.84 194 ‐1.75 198 ‐2.19 200 ‐2.02
3.8 211 ‐2.36 195 ‐1.91 194 ‐1.82 197 ‐2.27 199 ‐2.09
3.9 210 ‐2.44 195 ‐1.99 193 ‐1.89 196 ‐2.34 199 ‐2.16
4.0 210 ‐2.52 196 ‐2.06 193 ‐1.96 195 ‐2.41 198 ‐2.24
4.1 209 ‐2.59 196 ‐2.13 193 ‐2.02 194 ‐2.47 198 ‐2.30
4.2 208 ‐2.67 196 ‐2.21 192 ‐2.09 193 ‐2.55 197 ‐2.38
4.3 208 ‐2.74 196 ‐2.27 192 ‐2.17 191 ‐2.62 197 ‐2.45
4.4 207 ‐2.82 196 ‐2.35 191 ‐2.24 189 ‐2.69 196 ‐2.53
4.5 206 ‐2.90 196 ‐2.42 191 ‐2.31 187 ‐2.76 195 ‐2.60
4.6 206 ‐2.97 196 ‐2.50 191 ‐2.37 185 ‐2.82 194 ‐2.66
4.7 205 ‐3.04 195 ‐2.57 191 ‐2.45 183 ‐2.89 194 ‐2.74
4.8 205 ‐3.11 195 ‐2.64 190 ‐2.51 181 ‐2.96 193 ‐2.80
4.9 204 ‐3.19 195 ‐2.71 190 ‐2.57 179 ‐3.03 192 ‐2.87
5.0 203 ‐3.26 195 ‐2.78 190 ‐2.64 178 ‐3.09 191 ‐2.94
3 4 Mean1 2
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Duncan and Chang (1970) Fitting
Freeze Thaw Tests
Sd max Ea Ea/sd
1 0.7 149.07 0.53 0.003575756
0.95 202.31 1.63 0.008068569
2 0.7 137.61 0.69 0.004990017
0.95 186.75 2.23 0.011954399
3 0.7 138.83 0.60 0.004328932
0.95 188.42 1.66 0.008827952
4 0.7 143.50 0.64 0.004473868
0.95 194.75 1.60 0.008218228
Ei Sd ult Rf Ev @ 0.7 Sd max Ev at 0.95 Sd max Ev at Sd max
1 716 245 0.87 0.0875 ‐0.5953 ‐2.0039
2 527 222 0.89 0.6978 ‐0.3452 ‐2.1241
3 561 236 0.84 0.0875 ‐0.65 ‐0.9174
4 509 256 0.80 0.6978 ‐0.63 ‐0.359
Mean 578 240 0.85 0.39 ‐0.56 ‐1.35
STDEV 82 12 0.03 0.31 0.12 0.74
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Duncan and Chang fitting
Unfrozen Sand
Sd max Ea Ea/sd
83 (Test 1) 0.7 146 0.4 0.002
0.95 198 1.4 0.007
84 (Test 2) 0.7 149 0.5 0.004
0.95 202 1.6 0.008
86 (Test 3) 0.7 143 0.5 0.004
0.95 194 1.7 0.009
87 (Test 4) 0.7 148 0.7 0.005
0.95 200 1.8 0.009
88 (Test 5) 0.7 146 0.6 0.004
0.95 198 1.6 0.008
Ei Sd ult Rf @ 0.7 Sd mat 0.95 Sd m Ev at Sd max
83 1153 224 0.93 ‐0.0367 ‐0.5 1.5504
84 714 245 0.87 1 ‐0.5 ‐2.0039
86 681 234 0.87 ‐0.05 ‐0.95 ‐1.901
87 456 264 0.80 0 ‐0.63 ‐1.7681
88 630 247 0.85 ‐0.05 ‐0.78 ‐1.5712
Mean 727 243 0.86 0.17 ‐0.67 ‐1.14
STDEV 231 13 0.04 0.41 0.17 1.35
Freeze Thaw Tests Duncan and Chang Fitting
Sd max Ea Ea/sd
1 0.7 149.07 0.53 0.003576
0.95 202.31 1.63 0.008069
2 0.7 137.61 0.69 0.00499
0.95 186.75 2.23 0.011954
3 0.7 138.83 0.60 0.004329
0.95 188.42 1.66 0.008828
4 0.7 143.50 0.64 0.004474
0.95 194.75 1.60 0.008218
Ei Sd ult Rf @ 0.7 Sd mat 0.95 Sd m Ev at Sd max
1 716 245 0.87 0.0875 ‐0.5953 ‐2.0039
2 527 222 0.89 0.6978 ‐0.3452 ‐2.1241
3 561 236 0.84 0.0875 ‐0.65 ‐0.9174
4 509 256 0.80 0.6978 ‐0.63 ‐0.359
Mean 578 240 0.85 0.39 ‐0.56 ‐1.35
STDEV 82 12 0.03 0.31 0.12 0.74
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Ei at 90% confidence t‐Test: Two‐Sample Assuming Equal Variances
Variable 1 Variable 2
Mean 726.7954 578.0738
Variance 66639.44 8878.763
Observations 5 4
Pooled Variance 41884.87
Hypothesized Mean Difference 0
df 7
t Stat 1.083277
P(T<=t) one‐tail 0.157291
t Critical one‐tail 1.894579
P(T<=t) two‐tail 0.314582
t Critical two‐tail 2.364624
Sd ult at 90% confidence t‐Test: Two‐Sample Assuming Equal Variances
Variable 1 Variable 2
Mean 243.0022 239.6897
Variance 224.315 205.8009
Observations 5 4
Pooled Variance 216.3804
Hypothesized Mean Difference 0
df 7
t Stat 0.335693
P(T<=t) one‐tail 0.37347
t Critical one‐tail 1.894579
P(T<=t) two‐tail 0.746939
t Critical two‐tail 2.364624
Rf at 90% confidence t‐Test: Two‐Sample Assuming Equal Variances
Variable 1 Variable 2
Mean 0.862427 0.84919
Variance 0.002187 0.0014
Observations 5 4
Pooled Variance 0.00185
Hypothesized Mean Difference 0
df 7
t Stat 0.458817
P(T<=t) one‐tail 0.330136
t Critical one‐tail 1.894579
P(T<=t) two‐tail 0.660272
t Critical two‐tail 2.364624
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t‐Test: Two‐Sample Assuming Equal Variances
Variable 1 Variable 2
Mean 0.17266 0.39265
Variance 0.214322 0.124155
Observations 5 4
Pooled Variance 0.175679
Hypothesized Mean Difference 0
df 7
t Stat ‐0.78241
P(T<=t) one‐tail 0.229808
t Critical one‐tail 1.894579
P(T<=t) two‐tail 0.459616
t Critical two‐tail 2.364624
t‐Test: Two‐Sample Assuming Equal Variances
Variable 1 Variable 2
Mean ‐0.672 ‐0.55513
Variance 0.03747 0.020097
Observations 5 4
Pooled Variance 0.030024
Hypothesized Mean Difference 0
df 7
t Stat ‐1.00549
P(T<=t) one‐tail 0.174072
t Critical one‐tail 1.894579
P(T<=t) two‐tail 0.348144
t Critical two‐tail 2.364624
t‐Test: Two‐Sample Assuming Equal Variances
Variable 1 Variable 2
Mean ‐1.13876 ‐1.3511
Variance 2.286033 0.732012
Observations 5 4
Pooled Variance 1.620024
Hypothesized Mean Difference 0
df 7
t Stat 0.248694
P(T<=t) one‐tail 0.405368
t Critical one‐tail 1.894579
P(T<=t) two‐tail 0.810736
t Critical two‐tail 2.364624
Ev @ 0.7 Sd max at 90% 
confidence
Ev @ 0.95 Sd max at 90% 
confidence
Ev @ Sd max at 90% 
confidence
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Initial Properties of Undrained Baseline Tests Specimens 
Test 
# 
Sample 
Height 
(mm) 
Mass of 
Sand 
(g) 
Initial 
Density 
(kg/m3) 
Relative 
Density 
(%) 
B-Value 
1 150 1019 1710 80 0.90 
2 149 1013 1712 81 0.90 
3 150 1012 1714 82 0.96 
4 150 1019 1710 80 0.95 
5 149 1012 1710 80 0.93 
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Baseline Undrained Test Results
Ea Sd Exc U Sd Exc U Sd Exc U Sd Exc U Sd Exc U Sd Exc U
(%) (kPa) (kPa) (kPa) (kPa) (kPa) (kPa) (kPa) (kPa) (kPa) (kPa) (kPa) (kPa)
0.0 0 0 0 0 0 0 0 0 0 0 0 0
0.1 43 0 10 6 12 9 19 0 10 ‐13 21 4
0.2 60 0 29 3 28 10 37 ‐3 25 ‐15 38 2
0.3 76 4 48 0 43 9 54 ‐6 40 ‐18 55 2
0.4 92 4 67 ‐4 57 9 70 ‐9 55 ‐19 71 0
0.5 111 2 85 ‐8 70 7 90 ‐13 70 ‐23 89 ‐3
0.6 132 ‐2 105 ‐12 84 5 110 ‐16 85 ‐26 108 ‐6
0.7 150 ‐7 125 ‐17 98 3 129 ‐21 100 ‐25 125 ‐11
0.8 167 ‐13 143 ‐22 114 0 148 ‐25 115 ‐27 143 ‐15
0.9 185 ‐18 160 ‐27 130 ‐2 166 ‐29 130 ‐31 160 ‐19
1.0 202 ‐24 180 ‐33 145 ‐5 184 ‐35 145 ‐34 178 ‐24
1.1 220 ‐30 200 ‐36 160 ‐9 202 ‐40 160 ‐37 196 ‐29
1.2 239 ‐37 219 ‐39 174 ‐12 220 ‐45 175 ‐41 213 ‐33
1.3 258 ‐44 237 ‐45 188 ‐16 239 ‐51 190 ‐45 230 ‐39
1.4 277 ‐50 256 ‐52 203 ‐19 258 ‐56 204 ‐48 248 ‐45
1.5 296 ‐57 274 ‐59 218 ‐23 276 ‐62 218 ‐52 266 ‐50
1.6 315 ‐64 292 ‐66 233 ‐27 294 ‐68 231 ‐56 283 ‐56
1.7 340 ‐71 310 ‐73 248 ‐31 319 ‐75 243 ‐60 304 ‐63
1.8 357 ‐79 330 ‐80 260 ‐35 343 ‐81 257 ‐63 322 ‐69
1.9 380 ‐86 350 ‐88 272 ‐40 357 ‐86 270 ‐67 340 ‐75
2.0 403 ‐95 374 ‐95 284 ‐43 376 ‐93 285 ‐71 359 ‐81
2.1 419 ‐102 398 ‐102 295 ‐48 395 ‐100 300 ‐76 377 ‐88
2.2 442 ‐110 420 ‐111 310 ‐53 416 ‐107 315 ‐79 397 ‐95
2.3 459 ‐118 438 ‐119 325 ‐58 435 ‐114 330 ‐84 414 ‐102
2.4 483 ‐126 460 ‐128 345 ‐63 451 ‐120 345 ‐89 435 ‐109
2.5 506 ‐134 482 ‐137 361 ‐67 471 ‐127 360 ‐93 455 ‐116
2.6 523 ‐143 502 ‐145 380 ‐73 491 ‐134 380 ‐98 474 ‐124
2.7 545 ‐150 524 ‐154 393 ‐78 511 ‐141 400 ‐103 493 ‐131
2.8 561 ‐158 547 ‐163 409 ‐84 530 ‐148 412 ‐107 512 ‐138
2.9 581 ‐165 567 ‐171 425 ‐89 544 ‐153 425 ‐113 529 ‐145
3.0 601 ‐173 587 ‐180 441 ‐94 563 ‐160 439 ‐117 548 ‐152
3.1 613 ‐180 605 ‐188 458 ‐100 581 ‐166 454 ‐122 564 ‐158
3.2 630 ‐187 623 ‐196 471 ‐105 599 ‐172 469 ‐127 581 ‐165
3.3 645 ‐193 640 ‐204 489 ‐111 614 ‐178 481 ‐132 597 ‐172
3.4 663 ‐198 655 ‐211 506 ‐117 628 ‐182 496 ‐137 613 ‐177
3.5 675 ‐204 670 ‐218 523 ‐122 641 ‐188 512 ‐142 627 ‐183
3.6 684 ‐209 682 ‐224 541 ‐127 656 ‐193 528 ‐148 641 ‐188
3.7 695 ‐213 696 ‐230 554 ‐133 669 ‐198 543 ‐153 654 ‐193
3.8 704 ‐217 708 ‐235 572 ‐139 681 ‐202 556 ‐157 666 ‐198
3.9 714 ‐221 721 ‐240 588 ‐144 691 ‐205 570 ‐162 678 ‐203
4.0 721 ‐224 731 ‐245 604 ‐148 700 ‐209 584 ‐167 689 ‐207
4.1 726 ‐227 741 ‐249 619 ‐153 711 ‐213 598 ‐171 699 ‐210
4.2 734 ‐230 750 ‐253 631 ‐158 718 ‐217 613 ‐176 708 ‐213
4.3 741 ‐232 757 ‐256 646 ‐163 728 ‐220 623 ‐180 718 ‐217
4.4 744 ‐234 765 ‐260 660 ‐168 734 ‐222 635 ‐184 726 ‐220
4.5 747 ‐236 770 ‐263 672 ‐171 741 ‐225 648 ‐188 733 ‐223
4.6 750 ‐238 775 ‐265 686 ‐176 747 ‐228 661 ‐193 739 ‐226
4.7 754 ‐239 781 ‐267 697 ‐180 754 ‐231 672 ‐197 747 ‐229
4.8 756 ‐241 784 ‐269 708 ‐184 759 ‐233 680 ‐200 752 ‐231
4.9 758 ‐242 787 ‐271 719 ‐188 762 ‐235 690 ‐203 757 ‐233
5.0 759 ‐243 790 ‐272 728 ‐191 767 ‐237 702 ‐207 761 ‐235
5.1 761 ‐244 795 ‐274 738 ‐194 771 ‐239 711 ‐210 766 ‐237
5.2 762 ‐245 795 ‐275 744 ‐197 773 ‐241 720 ‐213 768 ‐239
5.3 765 ‐246 797 ‐276 752 ‐201 778 ‐244 727 ‐216 773 ‐241
5.4 765 ‐247 798 ‐278 760 ‐203 780 ‐246 735 ‐219 776 ‐243
5.5 767 ‐248 797 ‐278 763 ‐206 782 ‐248 743 ‐221 777 ‐245
5.6 763 ‐249 799 ‐279 768 ‐209 783 ‐249 751 ‐224 779 ‐246
5.7 763 ‐249 800 ‐280 772 ‐211 784 ‐250 759 ‐226 780 ‐247
5.8 764 ‐250 802 ‐281 776 ‐214 784 ‐251 763 ‐228 781 ‐249
5.9 764 ‐251 802 ‐282 778 ‐216 784 ‐253 768 ‐231 782 ‐250
6.0 763 ‐252 801 ‐282 780 ‐217 785 ‐253 774 ‐233 782 ‐251
6.1 762 ‐252 801 ‐283 784 ‐220 783 ‐254 779 ‐235 783 ‐252
6.2 761 ‐253 802 ‐283 784 ‐222 781 ‐255 785 ‐237 782 ‐253
6.3 761 ‐254 800 ‐284 784 ‐223 782 ‐256 787 ‐238 782 ‐254
6.4 758 ‐254 799 ‐284 787 ‐225 779 ‐257 793 ‐240 781 ‐255
6.5 757 ‐255 800 ‐284 788 ‐226 778 ‐258 796 ‐242 781 ‐256
6.6 756 ‐255 801 ‐285 790 ‐228 776 ‐259 796 ‐243 781 ‐256
6.7 756 ‐256 796 ‐285 790 ‐229 771 ‐259 798 ‐245 778 ‐257
6.8 752 ‐256 793 ‐286 791 ‐230 771 ‐260 800 ‐246 777 ‐258
6.9 753 ‐257 795 ‐286 789 ‐231 766 ‐261 802 ‐247 776 ‐259
7.0 752 ‐257 792 ‐286 787 ‐233 805 ‐248 777 ‐259
7.1 750 ‐258 788 ‐287 781 ‐234 805 ‐250 773 ‐259
1 2 3 4 5 Mean
148
7.2 751 ‐258 787 ‐287 779 ‐235 807 ‐251 772 ‐260
7.3 751 ‐258 783 ‐287 772 ‐236 810 ‐252 769 ‐260
7.4 749 ‐259 782 ‐287 768 ‐236 812 ‐252 766 ‐261
7.5 747 ‐259 782 ‐288 762 ‐237 811 ‐253 764 ‐261
7.6 745 ‐259 777 ‐288 759 ‐238 813 ‐254 760 ‐262
7.7 743 ‐260 774 ‐288 755 ‐238 811 ‐255 757 ‐262
7.8 744 ‐260 770 ‐288 746 ‐239 809 ‐256 753 ‐263
7.9 743 ‐260 766 ‐288 742 ‐240 807 ‐256 751 ‐263
8.0 744 ‐261 763 ‐289 734 ‐240 805 ‐257 747 ‐263
8.1 744 ‐261 759 ‐289 731 ‐241 804 ‐257 745 ‐264
8.2 743 ‐261 760 ‐289 727 ‐241 805 ‐258 744 ‐264
8.3 744 ‐262 755 ‐289 725 ‐241 801 ‐258 741 ‐264
8.4 750 ‐262 752 ‐289 722 ‐242 802 ‐258 741 ‐264
8.5 748 ‐262 748 ‐289 710 ‐242 795 ‐259 735 ‐265
8.6 747 ‐262 746 ‐290 712 ‐243 793 ‐259 735 ‐265
8.7 749 ‐262 739 ‐290 708 ‐243 792 ‐259 732 ‐265
8.8 747 ‐263 737 ‐289 703 ‐243 788 ‐260 729 ‐265
8.9 745 ‐263 732 ‐289 697 ‐243 785 ‐260 725 ‐265
9.0 743 ‐263 731 ‐289 695 ‐243 779 ‐260 723 ‐265
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Initial Properties of Frozen Core Test Specimens 
Test 
# 
Sample 
Height (mm) 
Mass of Sand 
(g) 
Initial Density 
(kg/m3) 
Relative 
Density 
(%) 
B-
Value 
1 150 1020 1711 80 0.90 
2 145 985 1708 79 0.93 
3 144 979 1710 80 0.90 
 
152
Frozen Core Undrained Test Results
Ea Sd Exc U Sd Exc U Sd Exc U Sd Exc U
(%) (kPa) (kPa) (kPa) (kPa) (kPa) (kPa) (kPa) (kPa)
0.0 0 0 0 0 0 0 0 0
0.1 19 6 17 4 9 2 15 4
0.2 38 8 33 19 23 5 31 11
0.3 57 9 48 20 40 5 48 11
0.4 70 10 64 20 57 4 64 11
0.5 85 10 79 20 74 2 79 11
0.6 98 9 94 19 90 0 94 9
0.7 115 7 107 17 106 ‐2 109 8
0.8 131 5 118 15 123 ‐5 124 5
0.9 149 2 131 14 141 ‐6 140 3
1.0 167 1 148 13 159 ‐5 158 3
1.1 184 ‐3 166 10 176 ‐9 175 ‐1
1.2 200 ‐7 182 9 191 ‐13 191 ‐4
1.3 215 ‐10 198 14 205 ‐16 206 ‐4
1.4 231 ‐8 214 11 221 ‐20 222 ‐5
1.5 247 ‐6 229 8 239 ‐24 238 ‐7
1.6 264 ‐9 242 5 257 ‐28 254 ‐11
1.7 280 ‐14 256 1 274 ‐33 270 ‐15
1.8 296 ‐18 271 ‐2 290 ‐36 286 ‐19
1.9 313 ‐23 287 ‐5 306 ‐41 302 ‐23
2.0 329 ‐28 303 ‐10 323 ‐45 318 ‐28
2.1 345 ‐32 319 ‐14 345 ‐50 336 ‐32
2.2 360 ‐37 336 ‐18 366 ‐55 354 ‐37
2.3 375 ‐42 352 ‐23 387 ‐59 371 ‐41
2.4 391 ‐48 368 ‐27 403 ‐64 387 ‐46
2.5 408 ‐53 383 ‐32 420 ‐69 403 ‐51
2.6 425 ‐58 398 ‐37 438 ‐74 420 ‐56
2.7 443 ‐64 414 ‐42 454 ‐79 437 ‐62
2.8 460 ‐70 429 ‐47 471 ‐83 453 ‐67
2.9 477 ‐75 445 ‐52 487 ‐88 469 ‐72
3.0 494 ‐81 460 ‐57 503 ‐94 486 ‐77
3.1 510 ‐86 475 ‐63 520 ‐99 502 ‐83
3.2 527 ‐92 489 ‐68 535 ‐104 517 ‐88
3.3 542 ‐98 504 ‐74 550 ‐108 532 ‐93
3.4 558 ‐103 517 ‐79 565 ‐113 546 ‐98
3.5 572 ‐109 530 ‐84 580 ‐118 561 ‐104
3.6 586 ‐115 543 ‐90 594 ‐123 574 ‐109
3.7 600 ‐117 556 ‐95 607 ‐127 588 ‐113
3.8 614 ‐122 567 ‐101 619 ‐131 600 ‐118
3.9 627 ‐129 579 ‐106 631 ‐136 612 ‐124
4.0 639 ‐134 590 ‐111 643 ‐140 624 ‐128
4.1 651 ‐140 602 ‐117 655 ‐144 636 ‐134
4.2 663 ‐145 613 ‐122 666 ‐148 647 ‐138
4.3 675 ‐151 624 ‐126 676 ‐151 658 ‐143
4.4 686 ‐156 634 ‐131 686 ‐155 669 ‐148
4.5 697 ‐162 643 ‐136 695 ‐159 679 ‐152
4.6 707 ‐166 651 ‐141 704 ‐163 688 ‐157
4.7 717 ‐172 660 ‐145 712 ‐166 696 ‐161
1 2 3 Mean
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4.8 726 ‐176 668 ‐150 720 ‐169 704 ‐165
4.9 734 ‐181 675 ‐154 727 ‐172 712 ‐169
5.0 741 ‐186 682 ‐158 734 ‐175 719 ‐173
5.1 748 ‐190 688 ‐162 740 ‐178 726 ‐177
5.2 754 ‐195 695 ‐166 746 ‐181 732 ‐180
5.3 761 ‐199 700 ‐170 751 ‐183 737 ‐184
5.4 767 ‐203 706 ‐173 756 ‐185 743 ‐187
5.5 772 ‐207 711 ‐177 761 ‐188 748 ‐191
5.6 777 ‐210 716 ‐180 765 ‐190 753 ‐194
5.7 781 ‐214 719 ‐184 768 ‐193 756 ‐197
5.8 786 ‐217 722 ‐187 772 ‐194 760 ‐200
5.9 791 ‐221 725 ‐190 774 ‐197 763 ‐202
6.0 795 ‐224 728 ‐193 776 ‐199 767 ‐205
6.1 800 ‐227 731 ‐196 778 ‐201 770 ‐208
6.2 803 ‐230 732 ‐198 779 ‐202 772 ‐210
6.3 807 ‐233 734 ‐201 781 ‐203 774 ‐212
6.4 810 ‐235 735 ‐204 782 ‐205 775 ‐215
6.5 813 ‐238 737 ‐206 783 ‐207 778 ‐217
6.6 816 ‐241 739 ‐209 785 ‐208 780 ‐219
6.7 818 ‐243 741 ‐211 782 ‐209 781 ‐221
6.8 820 ‐246 741 ‐213 782 ‐210 781 ‐223
6.9 822 ‐248 740 ‐215 781 ‐212 781 ‐225
7.0 824 ‐249 739 ‐217 785 ‐212 783 ‐226
7.1 825 ‐251 737 ‐219 786 ‐213 783 ‐228
7.2 826 ‐253 734 ‐221 787 ‐214 782 ‐229
7.3 827 ‐255 732 ‐223 787 ‐215 782 ‐231
7.4 829 ‐257 727 ‐224 787 ‐217 781 ‐233
7.5 830 ‐259 724 ‐226 786 ‐218 780 ‐234
7.6 830 ‐261 720 ‐228 785 ‐219 778 ‐236
7.7 830 ‐263 717 ‐229 784 ‐221 777 ‐238
7.8 829 ‐266 713 ‐231 784 ‐221 775 ‐239
7.9 831 ‐266 708 ‐232 782 ‐222 774 ‐240
8.0 831 ‐267 704 ‐233 780 ‐222 772 ‐241
8.1 830 ‐267 700 ‐235 776 ‐223 769 ‐242
8.2 828 ‐270 695 ‐236 772 ‐224 765 ‐243
8.3 825 ‐271 690 ‐237 769 ‐226 761 ‐244
8.4 823 ‐272 684 ‐238 766 ‐226 757 ‐245
8.5 820 ‐274 678 ‐239 763 ‐226 754 ‐246
8.6 817 ‐276 674 ‐240 760 ‐227 750 ‐247
8.7 814 ‐277 668 ‐241 758 ‐227 747 ‐248
8.8 810 ‐278 666 ‐242 756 ‐228 744 ‐249
8.9 806 ‐279 663 ‐243 753 ‐229 741 ‐250
9.0 804 ‐280 663 ‐244 751 ‐229 739 ‐251
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Stress‐Strain Curves Comparison
Excess pore water pressure, Uexc
Unfrozen sand Frozen
Test Number 1 2 3 4 5 Mean 1 2 3 Mean
1% 202 180 145 184 145 171 167 148 159 158
3% 601 587 441 563 439 526 494 460 503 486
5% 759 790 728 767 702 749 741 682 734 719
Axial strain, Ea
159
1% @ 90% Confidence t‐Test: Two‐Sample Assuming Equal Variances
Variable 1 Variable 2
Mean 171.2281 157.8333
Variance 642.8654 96.08333
Observations 5 3
Pooled Variance 460.6047
Hypothesized Mean Difference 0
df 6
t Stat 0.854615
P(T<=t) one‐tail 0.212783
t Critical one‐tail 1.94318
P(T<=t) two‐tail 0.425566
t Critical two‐tail 2.446912
3% @ 90% Confidence t‐Test: Two‐Sample Assuming Equal Variances
Variable 1 Variable 2
Mean 526.4899 485.6756
Variance 6378.175 523.2023
Observations 5 3
Pooled Variance 4426.517
Hypothesized Mean Difference 0
df 6
t Stat 0.840007
P(T<=t) one‐tail 0.216547
t Critical one‐tail 1.94318
P(T<=t) two‐tail 0.433095
t Critical two‐tail 2.446912
5% @ 90% Confidence t‐Test: Two‐Sample Assuming Equal Variances
Variable 1 Variable 2
Mean 749.082 719.0856
Variance 945.8231 1031.372
Observations 6 3
Pooled Variance 970.2657
Hypothesized Mean Difference 0
df 7
t Stat 1.361882
P(T<=t) one‐tail 0.107719
t Critical one‐tail 1.894579
P(T<=t) two‐tail 0.215438
t Critical two‐tail 2.364624
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Excess pore water pressure comparison
Excess pore water pressure, Uexc
Unfrozen sand Frozen
Test Number 1 2 3 4 5 Mean 1 2 3 Mean
1% ‐24 ‐33 ‐5 ‐35 ‐34 ‐26 1 13 ‐5 3
3% ‐173 ‐180 ‐94 ‐160 ‐117 ‐145 ‐81 ‐57 ‐94 ‐77
5% ‐243 ‐272 ‐191 ‐237 ‐207 ‐230 ‐186 ‐158 ‐175 ‐173
Axial strain, Ea
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t‐Test: Two‐Sample Assuming Equal Variances
1% @ 90% Confidence
Variable 1 Variable 2
Mean ‐26.344 2.89
Variance 153.1605 78.4561
Observations 5 3
Pooled Variance 128.259
Hypothesized Mean Difference 0
df 6
t Stat ‐3.53464
P(T<=t) one‐tail 0.006149
t Critical one‐tail 1.94318
P(T<=t) two‐tail 0.012298
t Critical two‐tail 2.446912
3% @ 90 % confidence t‐Test: Two‐Sample Assuming Equal Variances
Variable 1 Variable 2
Mean ‐144.808 ‐77.28
Variance 1407.177 335.6899
Observations 5 3
Pooled Variance 1050.015
Hypothesized Mean Difference 0
df 6
t Stat ‐2.85356
P(T<=t) one‐tail 0.014523
t Critical one‐tail 1.94318
P(T<=t) two‐tail 0.029046
t Critical two‐tail 2.446912
5% @ 90 % confidence t‐Test: Two‐Sample Assuming Equal Variances
Variable 1 Variable 2
Mean ‐230.046 ‐172.917
Variance 1023.825 194.1294
Observations 5 3
Pooled Variance 747.26
Hypothesized Mean Difference 0
df 6
t Stat ‐2.8617
P(T<=t) one‐tail 0.014369
t Critical one‐tail 2.446912
P(T<=t) two‐tail 0.028738
t Critical two‐tail 2.968687
t‐Test: Two‐Sample Assuming Equal Variances
1% @ 95 % confidence Variable 1 Variable 2
Mean ‐26.344 2.89
Variance 153.1605 78.4561
Observations 5 3
Pooled Variance 128.259
Hypothesized Mean Difference 0
df 6
t Stat ‐3.53464
P(T<=t) one‐tail 0.006149
t Critical one‐tail 2.446912
P(T<=t) two‐tail 0.012298
t Critical two‐tail 2.968687
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